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Preface 



This revision of Elements of Organic Chemistry, like its predecessor, is in- 
leaded for a first course in organic chemistry. It is especially suited to the needs 
a i students specializing in the life sciences, allied health fields, agricultural sci- 
ences. and other related curricula. 

We have retained the basic philosophy of the first edition. Foremost, we wish 
this book to be a teaching text; one that students find readable, and can study 
and learn from with little dependence on the teacher. To this end, we have taken 
the same systematic, but more selective , approach to our material as in the 
earlier edition, keeping constantly in mind the student to whom this book is 
addressed. As in the first edition, the discussion of topics is organized around 
functional groups. In the selection of our material, we have stressed those as- 
pects of organic chemistry pertinent to health, the environment, and biochem- 
istry. areas of special interest to the career objectives of the students enrolled in 
:he course. The practical uses of organic compounds as drugs, food additives, 
pesticides, plastics, and other products, as well as their occurrence in nature, are 
discussed throughout the text. 

Nevertheless, a number of changes have been made in this second edition, 
with the hope to improve on the earlier one. 

• The number of preparative methods and reactions presented has been pur- 
posely reduced. Some reactions, such as the Wurtz reaction for preparing 
alkanes, have been omitted because of their obsolescence or lack of practical 
applications. Others, such as the Gabriel synthesis of amines, have been 
deleted because of the time limitations inherent in a brief course and because 
we did not feel that they were important enough for nonchemistry majors. 
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The subject of organic chemistry is unique in that it deals with vast nu ro- 
of substances, both natural and synthetic, that directly influence our wel- 
and standard of living. Organic chemistry is crucial to our economy as the 
of countless manufactured products that are essential to our comfort and 
in g. The clothes we wear; the petroleum products we use to run our 
les; the paper, rubber, wood, plastics, paint, cosmetics, insecticides, and 
gamins and drugs that we use every day— all are examples of organic com- 
s. The chemical substances that make up the organs of our bodies, the 
i»:c eat for nourishment, and the chemical reactions that take place inside 
bodies are also organic in nature. Organic chemistry is a subject that is 
fesdamental to medicine, biology, and other related disciplines such as nursing, 
fcvid hygiene* and medical laboratory technology. Because it is almost impossi* 
to -hink of an aspect of our daily lives that is not somehow^ influenced by 
fTii c chemistry, the relevance in your study of this exciting and dynamic 
brihfect should be quite apparent. 



Organic Chemistry: A Modern Definition 

From observation of the chemical makeup of many organic compounds it 
mis* recognized that one constituent common to all was the element carbon. 
Todav organic chemistry is defined as the study of carbon/ hydrogen-contain- 
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ing compounds and their derivatives > Petroleum and coal are two vast natural 
reservoirs from which many organic materials are extracted. Both were formed, 
over long periods of time, from the decay of plants and animals. 



1.2 



The Uniqueness of Carbon 



Although carbon ranks only twelfth in abundance among the elements and 
constitutes less than 0.1% of the earth's crust, oceans, and atmosphere, the num- 
ber of its compounds far exceeds that of all known inorganic compounds. Inor- 
ganic compounds are compounds formed from elements other than carbon. 
There are only about 90,000 known inorganic compounds, whereas the number 
of know + n organic compounds is several million, and thousands of new ones are 
synthesized and described each year. Thus, it is not surprising that a special 
branch of chemistry is entirely devoted to the study of the compounds of carbon. 

What is unique about the element carbon? Why does it form so many com- 
pounds? The ans wem to these questions lie in the structure of the carbon atom 
and the position of carbon in the periodic table. These factors enable it to form 
strong bonds with other carbon atoms and with other elements — most com- 
monly hydrogen, oxygen, nitrogen, and the halogens. As a result, there exist 
numerous stable carbon -containing substances of various sizes and shapes (see 
Fig, 1.1). 

Each organic compound has its own characteristic set of physical and chem- 
ical properties, which depend on the structure of the molecule. The structure of 
a molecule, in turn, depends on how the atoms composing it are bonded to each 
other. Because this relationship between properties and structure is fundamen- 
tal to a good understanding of organic chemistry, it is appropriate that we review' 
the topics of atomic structure and chemical bonding. 
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Figure 1,1 (a) A representation of methane, the simplest organic molecule, (b) The 
combination of many carbons with hydrogen in a straight -chain arrangement, (c) The 
combination of carbons in branched chains, (d, e) The combinations of carbons in rings 
of different shapes and sizes, (f-h) The combination of carbon with elements other than 
hydrogen. 




Atomic Structure 



A Electrons and Energy Levels 

Atoms consist essentially of three fundamental particles: neutrons, pro- 
tons, and electrons- Neutrons and protons are found in the nucleus; electrons 
are outside the nucleus. Neutrons are particles that have no charge, and protons 
are positively charged particles. The atomic number of an element indicates 
the number of protons. Since an atom is electrically neutral, this means that 
electrons are negatively charged and that the number of electrons must be equal 
to the number of protons. 

Electrons are distributed around the nucleus in successive shells, or princi- 
pal energy levels, of increasing radius. The electrons in levels close to the nu- 
cleus have lower energy than do electrons in levels farther from the nucleus. 

The various energy levels are designated by capital letters or whole numbers 
(n). The first energy level, the one closest to the nucleus and therefore the one 
having the lowest energy, is called the K level and corresponds to n = 1. The 
second energy level, somewhat farther from the nucleus and with a somewhat 
higher energy content than the K level, is called the L level and corresponds to 
n -2. The third energy level, the M level, corresponds to n - 3; the fourth 
energy level, the N level, corresponds to n = 4— and so on. 

Each energy level has a given capacity for electrons. The K level may con- 
tain a maximum of 2 electrons and never more. The L energy level has a maxi- 
mum capacity for 8 electrons, the M level for 18 electrons, and the N level for 82 
electrons. (The maximum capacity of a shell is equal to 2 n 2 electrons, where n is 
the number of the energy level.) 



B Arrangement of Electrons in Energy Levels 

Having learned how many electrons are needed to fill a particular shell, let 
us consider the order in which electrons enter the various energy levels. 

As expected, the first 2 electrons enter the K shell and the next 8, the L 
shell. After the L energy level is filled, electrons do not fill the third energy level 
(M level) to capacity (18 electrons) before the fourth energy level (A T level) is 
started. In fact, there are never more than 8 electrons in the outermost energy 
level of an atom. The reason is that 8 electrons in the outermost shell give atoms 
their greatest stability (noble gas configuration). For example, the element po- 
tassium (atomic number 19) has its 19 electrons distributed about the nucleus as 



Shell 


K 


L 


M 


N 


Number of electrons 


2 


8 


8 


1 


Rather than 


2 


8 


9 


0 


and the electron distribution (electronic configuration) 


for calcium (atomic 


number 20) is 










Shell 


K 


L 


M 


N 


Number of electrons 


2 


8 


8 


2 



Rather than 2 8 10 0 




The distribution of electrons in the various energy levels for the first twenty 
elements is shown in Table 1.1. 



C Valence Electrons: Electron- Dot Structures 

Valence electrons are those electrons located in the outermost energy 
level, the valence shell. In general, the chemical properties of an element depend 
on its valence electrons. For this reason, atoms are often depicted by electron- 
dot structures. In such structures the symbol of the element represents the 
core of the atom (the nucleus and all electrons except the valence electrons), and 
the valence electrons are shown as dots* crosses, or small circles around the 
symbol. To place the electrons around the symbol in the correct manner* follow 
these simple rules. 



1, Imagine that the element's symbol has four sides around it, each with room 
for two electrons. 

2. Pair the first two valence electrons on one side of the symbol, 

3* Place the third, fourth, and fifth valence electrons, one at a time* on the 
remaining three sides. 

4. For elements that have more than five valence electrons, the three sides are 
filled up to a maximum of eight. 
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For example* 

Elements with one valence electron 
Elements with two valence electrons 
Elements with three valence electrons 
Elements with four valence electrons 
Elements with five valence electrons 
Elements with six valence electrons 
Elements with seven valence electrons 
Elements with eight valence electrons 



H- 


Li- 


etc. 


He: 


Be: 


etc. 


R: 


Al: 


etc. 


C: 


■Si: 


etc. 


N: 


■P: 


etc. 


0: 


■S : 


etc. 


F: 


: Cl : 


etc* 


Ne: 


: Ar : 


etc* 



1.4 Chemical 
Bonding 



Chemical Bonding 1*4 



In 1916 G* N. Lewis proposed a theory of chemical bonding that accounted 
for many of the facts regarding the reactivity, or the lack of reactivity* of many 
elements. Lewis pointed out that the noble gases were particularly stable ele- 
ments* and he ascribed their lack of reactivity to their having their valence shells 
filled with electrons: two in the case of helium and eight for the other noble 
gases. All other elements do enter into chemical reactions* and they do so be- 
cause their valence shells are only partially filled, According to Lewis* in inter- 
acting with one another atoms can achieve a greater degree of stability by re- 
arrangement of the valence electrons to acquire the outer-shell structure of the 
closest noble gas in the periodic table* This can be achieved in either of two ways: 
ll) through transfer of electrons between atoms (ionic bonding) or (2) through 
sharing of electrons between atoms (covalent bonding). 



A Ionic Bonding 

Elements at opposite ends of the periodic table attain the noble gas configu- 
ration by transferring electrons to one another. In the electron -transfer process* 
elements at the left of the periodic table give up their valence electrons and 
become positively charged ions* or cations, and those at the right gain the elec- 
trons* thus becoming negatively charged ions, or anions * The electrostatic force 
of attraction between oppositely charged ions constitutes the ionic bond* 

General equation 

A* + B: — ► A + +[*B:]" 

Electron donor Electron Cation Anion 

atom acceptor 

atom 

A + + ' B : ] »A + [?B:]“ 

Electrostatic attraction Ionic bond 
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Specific example 

Na + + [?cj 

Sodium ion Chloride ion 

{neon configuration) (argon configuration) 

-»■ Na + [?C1 :]“ 

Sodium chloride 
(an ionic compound) 

The vast majority of ionic compounds are inorganic substances. In the solid 
state ey exist as high-melting-point crystals owing to the strong electrostatic 
forces that hold ions together. When the crystals are dissolved or melted these 
mtenomc forces are overcome, and the result is a liquid in which individual ions 
move randomly about (Fig. 1.2). In contrast, when crystals of a covalent com- 
pound such as sucrose (table sugar) are dissolved, we find distributed throughout 
the solution individual molecules of sugar with definite size and shape. 



Na- + ■ Cl : » 

Na + + [*C1 :]” — 



Problem 1.1 W rite the electron-dot formula showing the combination of mag- 
nesium and oxygen to form magnesium oxide, MgO. Clearly indicate the charges 
on the cation and on the anion. 



B Covalent Bonding 

Elements that are close to each other in the periodic table attain the stable 
noble gas configuration, not through a transfer of electrons but by sharing va- 
lence electrons between them. The chemical bond formed when two atoms share 



The NaCl 

crystal 

structure 




In solution the crystal breaks 
up into individual ions 



o 



Cl 



-Na 



ri'apHn foltnion* 1111 ” Chl ° ride crystal has a cubic shape in the solid state but no specific 
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m pair of electrons is called a covalent bond* Atoms in most substances are 
Ud together by bonds of this type. 

The simplest example of a molecule with a covalent bond is hydrogen gas. 
In hydrogen gas each hydrogen atom fills the first energy level (which can 
no more than two electrons) by sharing the combined valence electrons. 



H- 



H 



HIH 

Vr\ 



A covalent bond 



Chlorine gas, CL>, is another molecule in which a covalent bond is formed 
■eeii two like atoms. 



: Cl* 



Cl: 



: CluCl : 



'A covalent bond 



. Cl- each chlorine atom is surrounded by eight valence electrons, as is argon, 
i closest noble gas. 

Because it is often tedious to write electron-dot diagrams of molecules, we 
*11 introduce a simplified notation. A shared electron pair between two atoms, 
ygr.Hf covalent bond, will be represented by a dash ( — ), and the electrons not 
arch ed in bonding (the nonbonding electrons) will be omitted unless needed to 
a point. Thus, hydrogen gas is represented as H— H and chlorine gas as 
O-Ci 

In molecules that consist of two like atoms, such as elemental hydrogen and 
PHital chlorine, the bonding electrons are shared equally. This is because 
h atoms have the same electronegativity* The electronegativity is a meas* 
of the attraction the nucleus of an atom has for electrons in its outer shell 
^ 1.3 shows the electronegativity values for the elements proposed by Linus 
ig. You see that from left to right, within a period, the electronegativity 
increase, and from top to bottom, within a group, the electronegativity 
decrease. Fluorine, with a value of 4.0, is the most electronegative ele- 

When two unlike atoms form a covalent bond, the bonding electrons are no 
r shared equally* In the C — F bond, for example, the electron pair is shared 
v between the carbon and fluorine atoms* The greater electronegativity 
ie (4*0) causes the electron pair to be closer to the fluorine atom than to 
carbon atom. Such a bond, in which an electron pair is shared unequally, is 
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Figure 1.3 Electronegativity values of the elements (Pauling’s scale). 
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called a polar covalent bond, In a polar covalent bond the more electronega- 
tive atom assumes a partial negative charge and the less electronegative atom 
assumes a partial positive charge. The polarity of a bond may be indicated by the 
symbol The head of the arrow points in the direction of the more electro- 
negative atom. The tail, marked with a plus sign, is located at the less electro- 
negative atom. More frequently, the partial charges are denoted by the Greek 
letter symbols 5+ and S- (pronounced delta plus and delta minus). 

H * &+ 3- 

C— F or C— F 

i W j procee d through our study of organic chemistry, we will find that 
po ar bonds exert special effects on the physical and chemical properties of or- 
game molecules, In general, most reactions involve changes in polar covalent 
bonds (t— U, C— Cl, etc.) while nonpolar covalent bonds (C—C C— H etc ) 
remain unaltered. 1 1 } 



Problem 1.2 Show the partial charges by placing the S + and S- symbols on 
tne appropriate atoms in the following polar covalent bonds. 

< b ) O— H <c) C-Cl 

(d) N— H (e) C— O (f) C— N 



C Coordinate Covalent Bonding 

In the covalent bonding discussed so far each of the two atoms contributed 
one electron to the electron pair shared between them. There are molecules in 
which one atom supplies both electrons to another atom in the formation of a 
covalent bond. A covalent bond thus formed is called a coordinate covalent 
bond. For example, when ammonia, : NH 3 , reacts with a proton, H + , to form an 

ammonium ion, NH 4 + , the nitrogen atom in ammonia supplies both electrons to 
the new bond. 



H-N-H + H+ 

H 

Ammonia Hydrogen ion 

(Lewis base — (Lewis acid — 

furnishes elec Iron pair) accepts electron pair) 



H 

I 

H-N— H 

I 

H 



Ammonium ion 



The species that furnishes the electron pair to form a coordinate covalent bond 
is called a Lewis base. The species that accepts the electron pair to complete its 
valence shell is called a Lewis acid. In subsequent chapters we shall have nu- 
merous occasions to refer to the concept of Lewis acids and Lewis bases to ex- 
plain how chemical reactions occur. 



Problem 1.3 Each of the following interactions involves the formation of a 
coordinate covalent bond. Indicate (1) the structure of the product formed and 
\Z) which species acts as a Lewis acid and which acts as a Lewis base* 



9 



O— H + H + 



(c) Cl— Al— Cl + : CC 
Cl 



(b) H — N — H + F— B— F 
H F 



1.6 Covalence 
Number and 
Structural Formula 



How Many Bonds to an Atom? 1*5 
Covalence Number 

The number of covalent bonds an atom can form with other atoms is called 
its covalence number. The covalence numbers of atoms commonly found in 
organic compounds are listed in Table 1.2. 

Table 1.2 Covalence Numbers for Typical Elements in Organic Compounds 




H 

C 

N 

0 

F, Cl, Br, I 
(halogens) 



Note that the covalence number for an element is equal to the number of 
electrons needed to fill its valence shell. For example, hydrogen, which has one 
valence electron, needs one more electron to fill its outermost shell. The cova- 
lence number for hydrogen is therefore one. Carbon, which needs four electrons 
to fill its valence shell, has a covalence number of four, and so on down the list. 



l 2 1 

4 8 4 

5 8 3 

6» 2 
7 8 1 



Problem 1.4 Assuming that the method of assigning covalence numbers de- 
scribed is valid, write the covalence numbers for (a) S; (b) P; and (c) Ne. 



Covalence Number and Structural Formula 1*6 

A molecular form ula tells us what kind of atoms and how many of each kind 
of atom are present in a particular molecule. The molecular formula for ethanol 
(the drinkable alcohol), C 2 H 6 0, tells us that each molecule of ethanol contains 
two carbon atoms, six hydrogen atoms, and one oxygen atom. A structural 
formula, also called a constitutional formula, shows how the atoms in a par- 
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ticular molecule are connected or bonded together. The secret of writing correct 
structural formulas for organic molecules is to remember the covalence numbers 
of the component atoms. Carbon, with a covalence number of four, must always 
have four bonds in any organic compound, and each of the other elements pres- 
ent must share the number of bonds indicated by its own covalence number as 
listed in Table 1.2. 

Following are examples of organic molecules in which each element satisfies 
its covalence number by sharing one electron pair— forming a single bond— 
with another atom connected to it. Carbon has four single bonds, hydrogen and 
chlorine one each, oxygen two, and nitrogen three. 



Open-chain ( acyclic ) compounds 
H H H 

I I 1 

H— C— H H C-C-H 

I H 

H H H 

H-C-C3 

I 

H 



H H 

I I 

H-C-N-H 

I 

H 



H 

h-A-o-h 

H 



H— C— O— C-H 

I I 

H H 



Ring ( cyclic ) compounds 



H H 

H— A-A— H 

I I 

H— C— C-H 
I I 
H H 



H H 

H — A— -A— H 

Tr 

i 

H 



vv 

H ' W H 






H A h' h 



A carbon atom may also share more than one pair of electrons with another 
carbon atom or with other elements, such as oxygen and nitrogen, to form multi- 
ple bonds , If two pairs of electrons are shared, a double bond is formed; if three 
pairs of electrons are shared, a triple bond is formed. A double bond is repre- 
sented by two dashes (=) and a triple bond by three dashes (s). 

Organic molecules with one double bond 

H H H H H 

-A=A-A-h 

A 



H— C=C — H H — ( 



H 

H-A=0 



Organic molecules with two double bonds 



H H H 

H— A=C=A— A— H 

I 

H 



H 

"C 






H 

tit H 



Organic molecules with one triple bond 
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H— C^e— H H— C=N H— C— C=N 

H 



H 



1*8 Covalence 
Number and 
Structural Formula 



To summarize, 

X. Structural formulas show how atoms are connected to one another in a mole- 
cule. 

2, The structural formula of a compound is correct only if each element satisfies 
its covalence number. 

3, The covalence number may be satisfied by forming single or multiple bonds. 

Now consider a specific example. 

Example 1.1 Given the skeletal structure 
C— C=C— C— 0 

and assuming that only hydrogen atoms are missing, (a) draw the correct 
structural formula and (b) write the molecular formula of the completed 
structure. 

Solution (a) (1) Starting from the left, count how many bonds each atom 
already has. The first carbon has only one bond (a single bond); the second 
carbon has three bonds (one single and one double bond); the third carbon 
also has three bonds (one double and one single bond); the fourth carbon 
has two bonds (two single bonds); and the oxygen atom has one bond. 

(2) Determine how many extra bonds each atom needs to fulfill its cova- 
lence number. Since carbon has a covalence number of four and oxygen of 
two (Table 1*2), it means that the first carbon needs three more bonds; the 
second carbon needs one more bond, as does the third; the fourth carbon 
atom needs two extra bonds; and the oxygen needs one extra bond, 

(3) Place the missing bonds, 



(4) Put in the missing hydrogens to obtain the correct structural formula. 



(b) Counting the number of atoms of each kind, the molecular formula of 
the structure in (a) is 

C 4 H,G 




H H H H 

I I I I 

H — C— C=C— C—O — H 



H 



H 
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Bonding, structural Pr «blem 1.5 Given the skeletal structures and assuming that only hydrogen 
Formulas, and atoms are missing, (1) draw the connect structural formula and (2) write the 



Molecular Shapes 


correct molecular formula for each of the following. 






(a) C— C— C 


(b) C— — G 

C 


(c> II ll 

KJ 


(d) C-C=C-C 




<e) C^C-0 


0 

(f) c— c— c 


c 

Cl 

c vV ci 

<g) 

/"I 


0 

(h) N-C— N 








CI C Cl 

Cl 





1.7 



Condensed Structural Formulas 



Up to this point we have used expanded structural formulas, in which all 
bonds are shown, to represent organic molecules. Although very useful in visu- 
a rang structures, this method of representation is time-consuming and requires 
much space. One way to simplify the writing of organic structures is to include 
only the bonds of multivalent atoms and leave out the bonds of monovalent 
elements (hydrogen and halogens). The resulting structures are called partially 
condensed formulas. If we omit all bonds except carbon-carbon multiple bonds, 
we have fully condensed formulas. Examples are given in Table 1.3. 

Cyclic compounds can also be represented by partially condensed and fully 
condensed structural formulas, as shown in Table 1.4. In the fully condensed 
tormulas each corner represents a CH., for singly bonded carbon atoms and a CH 
when carbon is linked to another carbon by a double bond. 



Problem 1.6 Write a partially and a fully condensed structural formula for 
each of these structures. 



(a) 



H H-C-H H H H H 

t— 

H H-C-H H H H H 



H C- 



H 




Fully 

condensed 

formula 



Partially 

condensed 

formula 



truetural 

formula 



l + 7 Condensed 
Structural Formulas 



t 3 Examples of Condensed Formulas 



CH 3 — CH 2 — OH 



ch 3 ch 2 oh 



CH,— CH,— CH,— CH-, 



CH,CH ? CH,CH, 



CH 3 (CH 2 ) 2 CH, 



CH 3 

(tlH — CH, 



(CH,) 2 CHCH 3 



(CH 3 > 3 CH 
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Table 1.4 Some Condensed Cyclic Formulas 




,H 

w 

H H 

H H 

I { 

H-C-C-H 
. ; 

H— C— C— H 

I [ 

H H 

K H 

H 0 C x^ H 



H 

H. 

H" 






H 

^.H 

"H 



H 

H C H 



H 

H 



H 



h" X 

n H 






H 



C C 



H 

H 



h" X 

H H 



CH 2 

/ \ 

h 2 c—cu 2 



hx-ch, 

I I 4 

h 2 c-ch 2 



HX CH, 
\ / * 

H 2 C— CH, 



HX CH, 
I I ' 

H e C CH a 

ch 3 



HC CH, 

II I 

HC, ,CH ? 

CH, 




A 






Problem 1,7 Given the following condensed structural formulas, write the ex- 
panded structures. 

(a) (CH 3 ) 2 CHC=CCH £ OCH 3 




Shapes of Organic Molecules: i 
Orbital Picture of Covalent Bonds 



The Lewis model of the covalent bond and the concept of covalence number 
have been helpful in giving us a clearer picture of chemical bonding and struc- 
tural formulas. But there is one aspect of organic chemistry on which the Lewis 
theory sheds no light at all — molecular geometry — and without also considering 
the shapes and sizes of organic molecules we cannot begin to discuss their chem- 
istry at even the simplest level. The distinct geometry of organic compounds is a 
direct result of the covalent bonds involved. For this reason, it is necessary that 
we modify the Lewis theory of bonding and describe the electronic arrangement 
in atoms and molecules in terms of orbitals. 



A Atomic Orbitals 



In Section 1.3 we considered the arrangement of electrons within various 
energy levels, but did not discuss the regions in space occupied by the electrons, 
Calculations based on spectroscopic studies of atoms have shown that electrons 
within each energy level are located in orbitals. An atomic orbital represents a 
specific region in space in which an electron is most likely to be found. Atomic 
orbitals are designated in the order in which they are filled by the letters $, p , d , 
and f. The first energy level ( K shell) has only one orbital, the Is. The second 
energy level (L shell) has four orbitals, one 2$ and three 2 p orbitals. The third 
energy level ( M shell) has nine orbitals; one 3s, three 3 p, and five 3 d orbitals. The 
atoms we will encounter in most organic compounds have only s and p orbitals. 
An s orbital is a spherically shaped electron cloud with the atom's nucleus at its 
center; a p orbital is a dumbbell-shaped electron cloud with the nucleus between 
rhe two lobes. Each p orbital is oriented along one of three perpendicular coordi- 
nate axes, that is, in the x , y, or z direction. The p orbitals are designated as 2 p x , 
2 p y , and 2 p z if they are located in the L shell, and as 3 p £ , 3 p yi and 3 p s if located in 
the M shell. The shapes of s and p orbitals are illustrated in Figure 1,4, 

The energies of the electrons in orbitals increase in the order shown in Fig- 
ure 1.5. Note that the three 2 \p orbitals are of equal energy, and so are the three 
3p orbitals. 




$ orbital 



p x orbital p y orbital 

Figure 1,4 Shapes of s and p orbitals. 



orbital 



IS 
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Energy content 
of orbits] 
increases 



% — % — 3p z — 
3s — 

2p x 2 p y 2p z — 

2s — 



Is 



Figure 1.5 An energy level diagram of atomic orbitals showing the order in which they 
become filled with electrons. 



When filling the atomic orbitals, keep in mind that 

1, An atomic orbital can contain no more than two electrons (shown by f and 

2 * Electrons fill orbitals of lower energy first (a Is orbital before a 2s orbital, a 
2s orbital before any of the three equivalent 2p orbitals, and so on), 

3* No orbital is filled by two electrons until all the orbitals of equal energy have 
at least one electron. 

The electronic configuration of carbon (atomic number 6) can be repre- 
sented as shown in Figure 1-6. More simply, this distribution is shown bv the 
notation 

Is 2 2s 2 2 pi 2 pi or Is 2 2 s 2 2p 2 

The superscripts indicate the numbers of electrons in the atomic orbitals. Table 
L5 shows the electronic configurations of the first ten elements in the periodic 
table. 



Problem 1.8 Using s and p notation, write the electronic configurations for 
(a) Na (atomic number 11) and (b) Cl (atomic number 17), 



B Molecular Orbitals 

A covalent bond consists of the overlap between two atomic orbitals to form 
a molecular orbital. A molecular orbital encompasses the nuclei of two atoms. 
Like atomic orbitals, a molecular orbital can accommodate no more than two 
electrons. For example, the molecular orbital of H 2 is formed when the two Is 



Energy content of 
atomic orbital 



2^-t— 2p>— 2p x 

2*-il 



Figure 1.6 Energy level diagram for carbon. 
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Table 1.5 Electronic Configuration of the First- and Second-Row Elements 
in the Periodic Table 



Atomic 

number 



1 

2 

3 

4 

5 

6 

7 

8 
9 

10 




H 

He 

Li 

Be 

B 

C 

N 

0 

F 

Ne 



Electronic configuration 

2Pt 



Is 1 

Is 2 

ls 2 2s' 
ls 2 2s 2 
ls 2 2i' 2 2p] 
ls 4 2s 2 3p}2pj 
Is 2 2s-2pl2pl2pl 

is 4 2s 4 3p 4 2pJ3pj - 77 - 

Is z 2z' 2 '2p'j2pl2pl 
ls 2 2s 2 2pppl2p 2 



Is 


2s 


t 




u 




ti 


t 


Ti 


Ti 


Ti 


Ti 


Ti 


n 


Ti 


Ti 


Ti 


Ti 


Ti 


Ti 


Ti 


it 



_t_ 

JL 

u 

li 

n 




Jl 

L 

JL 

li 

ti 



1 L 

j_ 

n 



1.9 Bond Energy 
and Bond Length 



orbitals from each hydrogen atom overlap. This molecular orbital is eylmdn- 
cally symmetrical about the axis that joins the two nuclei. Molecular orbitals 
that have this cylindrical or sausage shape are called sigma (<r) orbitals, and 
r.he bond between the two atoms is called a sigma bond (a bond) (tig. 1./). 

Sigma bonds can be formed not only from a combination of two s atomic 
orbitals, as in H.>, but also from the end-on overlap of two p atomic orbitals or 
from the overlap” of an s atomic orbital with a p atomic orbital. (Another type or 
bond, called the pi (ir) bond, which involves the side-side overlap between two 
p atomic orbitals, will be discussed in Chapter 3.) 



Bond Energy and Bond Length 



1.9 



Since atoms achieve a stable noble gas configuration when they combine to 
form molecules, we conclude that a molecule is more stable than the isolated 
constituent atoms. This stability is apparent in the release of energy during the 




One bonding v molecular orbital 

Figure 1.7 Overlap of atomic orbitals between two hydrogen atoms to form a sigma 
molecular orbital ( — sigma bond). 



18 

Bonding, Structural 
Formulas, and 
Molecular Shapes 


Table 1.6 Bond Dissociation Energies 
of Some Simple Molecules 

Bond dissociation energy 
Molecule (kcal/mole) 


Table 1.7 Bond Length of 
Some Covalently Bonded 
Atoms 

Bond Bond length (A) 




H— H 


104 


H— H 


0*72 




CI-C1 


58 


C— H 


1*09 




H-OH 


111 


O-H 


0.96 




H^CH 3 


101 


C^C 


1.54 




H,C — CH 3 


83 


c=c 


1*34 




H 2 C=CH, 


146 


c=c 


1.20 




HC=CH 


200 


C-0 


1.43 




H.C-OH 


89 


c^o 


1*22 




H 2 C=0 


166 







formation of the molecular bond. The amount of energy released when a bond is 
formed is called the heat of formation or the bond energy. Conversely, the 
same amount of energy would have to be supplied to break the bond* The 
amount of energy that must be absorbed to break a bond is called the bond 
dissociation energy* For a given pair of atoms, the greater the overlap of the 
atomic orbitals, the stronger the bond and the greater the amount of bond disso- 
ciation energy. In the case of H 3 , the bond dissociation energy is 304 kcal/mole. 
Table 1.6 shows the dissociation energies of certain bonds in some simple mole- 
cules. Note that when two atoms are held together by a single bond, the bond 
dissociation energy is lower than when they are held together by more than one 
bond. 

The distance between nuclei in the molecular structure is called the bond 
length. For a given pair of atoms, the bond length depends upon the extent of 
overlap of their atomic orbitals. For H 3J the bond length is 0.72 Angstrom 
(I A — 10“ s cm)* Table 1.7 shows the bond lengths between some covalently 
bonded atoms. Note that when atoms are held together by more than one bond, 
the bond lengths become shorter. 



Problem 1.9 Predict which of the carbon-oxygen or carbon -nitrogen bonds in 
each pail* of structures has (1) the greater bond dissociation energy and (2) the 
longer bond length. 

H 

(a) H 3 G-0-CH 3 and 0=C= 0 (b) CH 3 CH 2 ~OH and CH 3 C=0 

(c) HC=N and H 2 C=NH 



1.10 sp 3 Hybridization: The Tetrahedral Carbon 



Now that we have examined atomic and molecular orbitals, we can address 
ourselves to our main topic of interest, namely, shapes of organic molecules. Let 
us consider first the simplest organic molecule, methane. 




H 
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Figure 1.8 The tetrahedral structure of methane. 



1*10 sp 3 
Hybridization: The 
Tetrahedral Carbon 




Bmsed on experimental evidence, methane is known to consist of a carbon 
bonded covalently to four hydrogen atoms, thus having the molecular 
k CH^. Each of the four carbon -hydrogen bonds is identical: each has the 
^rrength, 101 kcal/mole, and length, 1.09 A, We also know that the four 
are directed toward the corners of a regular tetrahedron with all 
— H bond angles equal to 109*5° (Fig. 1.8), The tetrahedron is a pyramid - 
structure with the carbon atom at the center and each of the four attached 
or groups of atoms located at a corner. 

The picture of the bonded carbon atom we have described is inconsistent 
the one predicted from the electronic configuration of the isolated or 
Estate carbon, which is 

is- 2a- 2p* 2p J equivalent to : C ■ 

vou can see, there are only two half-filled p orbitals in the ground -state 
. We should therefore expect carbon to form not four but only two cova- 

H 

|K bonds, as in C — H, with a bond angle of 90*, 

To explain this discrepancy, Linus Pauling proposed that it is possible, by 
^pprohng the required amount of energy to the ground-state carbon (Fig. L9a), 
tejBDmote one electron from the 2s orbital to the empty 2 p £ orbital. The result- 
~ ’ carbon is said to be in an excited or activated state* In this state the carbon 
m has four unpaired electrons (Fig. 1.9b), which should account for the for- 
ju of four covalent bonds. However, the four bonds would not all be the 
: three would be formed from 2 p electrons, and the fourth from a 2s elec- 
v But we know r from experimentation that the four bonds are identical* Paul- 
in therefore further proposed that the four exeited^state orbitals mix together, 
jr hvbridize, to create four equivalent 2s2p :3 (2s/? 3 for short) hybrid orbitals, 



i 



+ t 

53 Wy 

u 



Is 2 

(a) 



promotion 



j_ _t_ JL 

M 2pl 
2s 1 



JL 

Is 1 



(*>) 



hybridization 



mi 

sp 3 orbitals 

iL 

ls £ 

(<9 



Figure 1*9 (a) The electronic ground state, (b> The activated state, (c) The sp 3 - 

i^bridized state of carbon. 
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!«rn k !rected u 0W f rd 0ne corner of a tetrahedron. The merging of an s orbital 

ssscssswvs" -i,»3S£Siaa 

^l|TSrT«H5?£SS 



Cl 

H-C-C 



Cl 

Cl— C— Cl 
Cl 

Carbon tetrachloride 

*■ a upane 

a.d'lS^n CaJ - b0 " ato ?* *-P 3 »*y bridi^. Chlorofo™ 



-Cl 

[ 

Cl 

Chloroform 



H H 

j ' 


<? ? H 




I J 


H H 


H H H 


Ethane 


Propane 



molecules where the carbon atom is doubly or triply bonded, it utilizes a 




SC to forn^ a°bond P fM f otln^ff’ ° f 3 M° gen atom with *P 3 orbital of 
. f four 
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different kind of hybrid orbital. For this reason, such molecules are no longer 
tetrahedral, and we shall discuss their geometry in Chapter 3. 

No matter what the geometry, it is difficult to represent three-dimensional 
structures on a two-dimensional surface. Therefore, as a matter oi convenience, 
we will continue to use planar structures unless three-dimensional structures 
are necessary to the discussion. 



Functional Groups 



There are several million organic compounds. The study of their chemistry 
is made possible only because we are able to classify them into a limited number 
of families depending on the functional groups present. A functional group is a 
reactive portion of an organic molecule, an atom, or a group of atoms that 
confers on the whole molecule its characteristic properties. All compounds with 
the same functional group belong to one family. Members of a given organic 
family react in a similar and predictable manner. An example of a functional 
group, indicating an alcohol, is the hydroxyl group, OH, attached to a singly 

bonded carbon atom, as in -C-OH. Thus, the first three of the following struc- 



tures represent specific alcohols of increasing carbon chain length. The fourth 
structure, R— OH, indicates the general formula for all alcohols; R stands foi a 
carbon chain of any length attached to the functional group. 



CH 3 — OH 

Methyl alcohol 
(wood alcohol, toxic) 



CH 3 CH,-OH 

Ethyl alcohol 
(beverage alcohol) 



OH 

CHg^HCH, 

Isopropyl alcohol 
(rubbing alcohol) 



K-OH 

General formula 
for alcohols 



Table 1.8 lists some of the functional groups and corresponding classes of 
compounds. In Chapter 2 we will discuss the chemistry of alkanes, the first class 
of compounds listed. 



Problem 1.10 Identify the class of compound represented by each structure. 

CH S 

CH— 0- CH 3 



(a) CH 3 CH 2 CH— CH 2 

OH 

(c) CH 3 CHCH 3 

0 

(e) CH 3 -0-C— CH,CH 3 



(b) CH 3 Cn — v- 

0 

(d) CH 3 CH 2 — C — OH 
(f) CH 3 CH 2 CH 2 — nh 2 
<h) ch 3 ch 2 ch 2 



o 

— & — H 



1.11 Functional 
Groups 



1.11 



<«) CH.CH.CH 2 Br 



22 Table 1.8 Functional Groups and Classes of Organic Compounds 


Bonding, Structural 


General 




Specific examples 


Alkane 


RH 


C— C (single bond) 


H,C-CH a 


Aiken e 


"R-CH=CH 2 


C=C (double bond) 


H a C=CH 2 


Alkyne 


a R — C=CH 


C^C (triple bond) 


HC=CH 


Alkyl halide 


RX 


-X 

(X = F, Cl, Br, I) 


H 3 C— Cl 


Alcohol 


R-OH 


—OH 


H 3 C-OH 


Ether 


£3 

1 

0 

1 

W 


i 

— o— 
1 

0 

1 

—a— 

1 


H3C-O-CH3 




0 


0 

1 


0 0 

II II 


Aldehyde 


jj 

“R-CH 


— h — h 


H— C-H, H 3 C-C— H 




0 

i| 


4-U- 
1 1 


0 


Ketone 


R— C— R' 


II 

h 3 c-c-ch 3 




0 


0 


0 0 
II 


Carboxylic acid 


11 

a R — C—OH 


— ci— OH 


H-C-OH, H 3 C— C— OH 




0 

|| 


0 

11 


0 0 


Ester 


°R— C— OR 


— C— OR 


|| 

H-C— OCH 3 , H3C-C— OCH3 


Amine 


r-nh 2 


— dl — NH, 
1 2 


h 3 c-nh, 



°In these classes of compounds R can also be H, 



Problem 1.11 There are three compounds with the molecular formula C 3 H 8 0, 
Two are alcohols, and one is an ether. Draw their expanded structural formulas 
and identify the family to which each belongs. 



Summary of Concepts and Reactions 



Organic chemistry is the study of carbon/hydrogen-contammg compounds and their 
derivatives, [Sec. 1.1] 

Carbon is unique among the elements for its ability to bond infinitely with itself to form 
compounds of various sixes and shapes as well as to bond with many other elements. 

[Sec* 1.2] 



Aioms consist essentially of three fundamental particles; neutrons, protons, and elec- 
trons. The atomic number of an element indicates the number of protons, 

[Sec. L3A] 

Electrons are distributed around the nucleus in shells or energy levels. [Sec. 1.3AJ 
There are never more than 8 electrons in the outermost energy level of an atom. 

[Sec. 1.3B] 

Y^t outer-shell electrons are called valence electrons, and they are depicted by dots 
around the symbol of the element (electron-dot structures). [Sec* 1.3C] 

Asoms can achieve a noble gas configuration by forming ionic bonds or covalent bonds. 

[Sec. 1.4 A, B] 







Eectro negativity is a measure of the attraction the nucleus of an atom has for its 

valence electrons, [Sec* 1.4B] 

, wirrfmlT covalent bond is formed when one atom supplies 2 electrons to form a 
frond* [Sec. 1.4C] 

_ base is a species that has 2 electrons available for bonding. [Sec. L4C] 

n? acid is a species that can accept an electron pair to complete its valence shell. 

[Sec. L4C] 

-ce number indicates the number of covalent bonds an atom can form with other 
Horn? , [Sec. 1.5] 

or constitutional formula shows how the atoms in a particular molecule are 
connected or bonded together. [Sec* 1.6] 

Expanded structural formulas can be simplified by condensing them. [Sec, 1.7] 

An atomic orbital represents a specific region in space where an electron is most likely to 
be found. {Sec. 1.8 A] 

Overlap of two atomic orbitals forms a molecular orbital. [Sec. 1.8B] 

Molecular orbitals with a cylindrical or sausage shape are called sigma (a) orbitals, and 
the covalent bond between the two atoms is called a a bond* [Sec. L8R] 

Bond formation is an energy -releasing process. The amount of energy released when a 
bond is formed is called the heat of formation or the bond energy. [Sec. 1,9] 
The amount of energy that must be absorbed to break a bond is called the bond dissocia- 
tion energy. (Bond dissociation energy is numerically equal to heat of formation.) 

[Sec. 1*9] 

When carbon is bonded to four other atoms, it makes use of sp* hybridization and will be 
at the center of a regular tetrahedron. [Sec. 1.10] 

A functional group is a reactive portion of an organic molecule that confers on the whole 
molecule its characteristic properties, [Sec. 1*11] 
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Key Terms 



Key Terms 



carbon 

organic chemistry 

neutron 

proton 

electron 

atomic number 

shell 

energy level 
valence electron 
electron-dot structure 
ionic bond 
covalent bond 



electronegativity 
polar covalent bond 
coordinate covalent bond 
Lewis base 
Lewis acid 
covalence number 
structural formula 
constitutional formula 
single bond 
double bond 
triple bond 
atomic orbital 



molecular orbital 
sigma (o) orbital 
sigma bond 
heat of formation 
bond energy 

bond dissociation energy 

bond length 

tetrahedron 

hybridize 

sp 3 hybridization 

functional group 



24 



Exercises 



Bonding, Structural 

Formulas, and 

Molecular Shapes 



Valence Electrons and Electron-Dot Structures [Sec. 1.3] 
1,1 Write an electron-dot structure for each compound 

< a > H 2 G (h) NH 5 (c) CH, 

(e) CaCl, (f) H 2 CO (g) CO, 



(d) KBr 
(h) HCN 



Ionic f Covalent, and Polar Covalent Bonding [Sec. 1,4 A, B] 

1.2 List which eompound(s) in Exercise LI contain (s) fa) only ionic bonds* (b) only 
nonpolar covalent bonds* (c) only polar covalent bonds, and (d) both nonpolar and 
polar covalent bonds. 

1.3 Show the partial charges by placing $ + and symbols on the atoms involved in 
a polar covalent bond. 



H 

(a) H-i-O-H <b> H— C=0 
H H 

H 

I 

<d) H-C-N-H (e) H-C=N 

H H 



H 

I 

(c) H — (p — Cl 
H 
0 



(f) H— C-O-H 



1.4 Arrange the hydrogen halides (HI, HBr, HC1, HF) in order of polarity, from the 
most polar to the least polar. 



Coordinate Covalent Bonding; Lewis Acid and Lewis Base [Sec. 1.4C] 

1.5 For each of the following Lewis acid-base interactions (1) indicate the structure of 
the product formed and {2} identify the Lewis acid and the Lewis base. 

Br 

(a) Br— A] + : Br : ~ > (b) CH 3 NH 2 + H + > 

Br 

(c) H + + : OH- > (d) C 3 H 5 OH + H + > 



Covalence Number and Structural Formula [Secs. 1.5, 1.6] 

1.6 Given the skeletal structure, and assuming that only hydrogen atoms are missing, 
draw the correct structural formula for each of the following. 



(a) C-C-C 

C 



(e> 



c"% 

II I 

v° 



(b) C=C— C 



<f) 



o 

c-i- 



(c) CsC— C 



0 

: 4 - 



(d) Cl— C— C=C 



-C-C-N (g) C-C-O-C (h) N 



0 

J— c— c— o 



1.7 Check the following structures to see whether or not they represent possible com- 
pounds within the rules of covalence. State either “possible” or “impossible” for 
each. 



(a) CH 3 CH 2 CH 3 CH 3 

Ah 3 



(b) CHg-^CH 
CH, 



0 
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(c) CH^CHg— O— CHg— 0 — CH 3 (d) CH 3 CHCH 2 C-OH 

OH 

(e) CH 3 CH 2 CH £ C1 (f) CH 3 CH 2 — CH 2 

Cl 

(g) CH 3 -NH 2 -CH 3 (h) CH 3 C=CCH 2 CH 3 

1.8 Draw a correct structural formula for each ‘'impossible” representation in Exercise 
1,7 by either adding: or removing hydrogen atoms. 

1.9 Draw an expanded structural formula corresponding to each molecular formula, 

(a) CHCl* (b) CH„F £ (c) CH,0 (d) CH,N (e) C 2 H 2 

(f) C 2 H 4 ’ (g) C £ H, (h) CjjHjCI <i) CH 3 N <j) H 3 NO 



Condensed and Expanded Structural Formulas [Sec. 1.7] 

1.10 Convert each of the following expanded structural formulas into (1) a partially 
condensed and (2) a fully condensed formula. 

H H 



(a) H 



H H H H H 

I ' ' ' ' 

-C 

111 ! 

H H H H 



III 

~-C-C-C— C— H 

■ ■ T 

H 



(b) 



H H H H 

h ~H { — l r _H 

H H H-C— H H 

I 



H 

I 

H H H H H-C— H 



H 



H 



I 



(c) H — C — C — — C 
H H " " 



I 



H 

I 

f 

H H H— 0— H H 

I 

H 



H 



W h h 

(d) h A c ' .. 



>4 h' h 



H H H 

1 I I 

(e) Cl— C-C— C— 0— H 

I ! t 
H H H 



C— C— H 

1 1 

H H 



H 



H H 

(f) H-C^-C-^-C-H 

H H H H H 



H H H H H 

I I I I I 

(g) H— C— C^C— C— C— C— C— H 



(h) 



H H H H 



H O H H 

H— C— C— C— H 

I I I 

H H H 



1.11 Draw the fully expanded structures corresponding to the partially condensed for- 
mulas (a-d) and fully condensed formulas (e-h). 



(a) CH 3 -CH 2 -CH 2 -CH 3 



(b) CH 3 — CHF— CH— CHf=CH 2 



CH~ 

CH, 



0 

(c) HO— i-CH- 
OH 



0 



1 



-CH-C— OH 

I 

OH 



F,C 
(d) 2 1 
F,C V 



CF, 

JjF. 



(e> <CH 3 ) 2 CH<CH 2 ) 4 CH 3 



(f) CH 3 CH=CHCHO 



Exercises 
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(g) ch 3 c=cch 2 cooh 




BondLengih, Bond Strength, and Bond Angie [Secs, 1.9, 1 101 

12 Sl,-? ad t StrUCtU1 ' e ’ pre j dictw u ich of the tW£> bonds shown has (1) the greater bond 
dissociation energy and (2) the longer bond length. * ,a 



0 

(e) HC— OH (d) H 2 N- 
113 !S H-O-H bond mMh „ e , OH.? 



(a) CH 3 CH=CHg (b) CH 3 -C=CH 



-CH 2 C=N 



(b> What would you expect the size of the F— C- 
oride, CF 4 , to be? 



-F bond angle in carbon tetraflu- 



Hybridization and Shape of Molecules [Sec. 1.10] 

1,14 ,wi? te l 1 * the t> ’wn? f i iybrldized orbitaI util 'Ked by carbon in each of the folio w- 
g stiuctuies and (2) the shape of each molecule. 



F 

(a) F— C— F 
F 
H 

(d) H-C-O- 
H 



H 

(b) Cl- C -Cl 
H 
H 

H (e) H-C-S-H 
H 



H 

(c) H-C-Br 
H 

Cl 

(f) CI-i-H 
Cl 



Functional Groups and Classification of Compounds [Sec. 1.11] 
115 Name the class t0 w hich each of the following compounds belongs. 
OH ^ 



(a) CH 3 — dlH— CH 2 — CH 3 



<b) CH. 



. — CH, — ^ — i 



CH, 



KJ 

(c) CH 3 -CH 2 — CH 2 — I:— OH (d) CH 3 CH=CH, 



(e) CH,-C^CH 



o 

(f) ch 3 — c— o— ch 2 — ch 3 



116 S r aZer 0gether ““ C ° mp ° unds that *«« «**<* to behave chemically in a similar 



<e) CH,F, (f) CH 3 CH=CHj (g) CH 3 COOH 




<i) CjH 4 (j) CHBr 3 



(k) hoch 2 ch,oh 
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Exerei&es 



Cmcmience Number f Structural Formula, and Functional Group 

[Secs. 1.5, 1.6, 1,11] 

* it u) One alcohol and one ether correspond to C a HgO< Draw their structures. 

(b) One aldehyde and one ketone correspond to C 3 H 6 0. Draw their structures. 

(c) One carboxylic add and one ester correspond to C 2 H 4 0 £ . Draw their struc- 
tures. 





2.1 



Saturated 

Hydrocarbons: 

Alkanes 



A large group of organic compounds, known as hydrocarbons, contain 
only the two elements carbon and hydrogen. Based on their structural features, 
the hydrocarbons are divided into two main classes, the aliphatics and aromat- 
ics. 

Aliphatic hydrocarbons are subdivided into three families: alkanes, alkenes, 
and alkynes. Each family is characterized by a different functional group. Al- 
kanes, the topic of this chapter, are characterized by the carbon-carbon single 
bond. Alkanes are also known as saturated hydrocarbons because each carbon is 
bonded to four other atoms, the maximum number of atoms to which any car- 
bon can be attached, 

Alkanes show a general lack of chemical reactivity, although they are ex- 
tremely flammable. The high combustibility of alkanes is one reason for their 
importance; alkanes constitute the fuels we use in heating our homes and in 
running our machines* 



The Three Simplest Alkanes: 
Methane, Ethane, Propane 



The simplest member of the alkane family is methane , CH 4 , a molecule 
introduced in Section L10* Methane has the shape of a tetrahedron with an 
sp^hybridized carbon at the center, AH four C— H bonds in the molecule are 
equivalent. Figure 2.1 shows different representations of the methane molecule. 

The second member of the alkane series, ethane , C 2 H 6J is shown in Figure 
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K 



29 



H 



Figure 2,1 Tetrahedral and planar representations of methane, 



2:2. Each carbon in ethane is sp 3 hybridized, and the bond joining the two car- 
bons is called an $p 3 -sp* molecular orbital. In fact, every carbon atom in any 
alkane makes use of ^-hybridized orbitals, since each is always linked via single 
bonds to four other atoms. 

Note that ethane is larger than methane by a CH 2 , or methylene group. 



Methylene group 

This is not to say that ethane is prepared in such a way from methane, but 
simply to illustrate the structural relation between the two compounds. 

Next in the series, with three carbons, is propane, C 3 H g (Fig. 2.3). Again, 
mk that propane is larger than ethane by a methylene group. The bent repre- 
*rriri -*n of propane in Figure 2.3 indicates that carbon-carbon single bonds are 
rotate in any direction. Because of free rotation, an alkane can assume 
different forms depending on the amount of twist or turn of a carbon with 



2.1 The Three 
Simplest Alkanes: 
Methane, Ethane, 
Propane 



H H 



H~C— C— H 

j I 




Figure 2,2 Representations of ethane. 





ch 3 ch 2 ch 3 



H H H 

l l i 



H H H or 



H 

H-C“H 




It 



Figure 2,3 Representations of propane, 
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Saturated 
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Alkanes 



respect to another. Structures that differ from one another only because of the 
rotation of one or more carbon atoms are said to be in different conformations. 
Each structure is referred to as a conformed At room temperature conformers 
cannot be separated because the change from one conformation to another re- 
quires so little expenditure of energy that it occurs with extreme rapidity. 



2r»2r Other Alkanes: Homologous Series C„H 2n+2 

If we keep adding CH 3 groups, one at a time, it is possible to build an infinite 
series of compounds, called a homologous series. In a homologous series each 
individual member differs from its next neighbor by a constant value, a CH g in 
this case. Each member of a homologous series is called a homolog. Methane, 
ethane, and propane are the first three homologs of the alkane family, whose 
general formula is C tt H 27l+2 . In this general formula n is the number of carbons. 
The names and the molecular formulas of the first ten alkanes are shown in 
Table 2.1. It is important that you memorize these names because the names of 
many other organic compounds of various classes are derived from them. 

Table 2.1 Names and Molecular 
Formulas of the First Ten Alkanes 



Name 


Molecular formula 


Methane 


Cil, 


Ethane 


c,h 6 


Propane 


C 3 H s 


Butane 




Pentane 


C r> H 12 


Hexane 


c 6 h 14 


Heptane 


c,h 16 


Octane 




Nonane 


C 9 H 20 


Decane 


C 10^22 



Problem 2.1 Write the molecular formula of a 40-carbon alkane. 



2.3 



Structural Isomerism 



Does a molecular formula fully identify a substance? Consider the following 
data. 




Boiling point 
<°C) 



Molecular 

formula 



— 12 



Melting point 
(*C) 

-138 

-145 



c 4 h )0 

C,H tu 



hJ'- C6 f ]t ; dAv\btc*{ ^A-eudup-- 

Obviously, compounds I and II are different substances. Yet they both have the 
same molecular formula, C 4 H 10 , indicating that they are both butanes. Different 
compounds with identical molecular formulas are called isomers, and the phe- 
nomenon is called isomerism. 

Given a set of molecular models, it is possible to construct two structures 
wz:h different carbon skeletons corresponding to C 4 H t0 . 



H H H H 

h— A— i— A— A— h 

i i i i 

H H H H 

(I) 

rt-Bu tane 



H— i 



H H- 

i— 



H 



H 

-C— H H 

! 

-C- 



H 

(II) 

Isobutane 



-C— H 

H 



Compound I is called normal or n- butane. The prefix n- indicates that the car- 
bon atoms are arranged in a continuous chain. Compound II, named isobutane, 
^ a branched-chain hydrocarbon. Isomers such as n-butane and isobutane, 
which differ in t he sequence of atoms bonded to each other, are more specifically 
called structural or constitutional isomers. 

Alkanes beyond butane are all capable of structural isomerism. Thus, 
there are three isomen c pentanes, C 5 H l2 : n- pen tane, isopentane, and neopen - 
tane. 





CH. 
1 J 


CH, 

1 3 


h 2 ch 2 ch 2 ch 3 


ch 3 chch 2 ch 3 


ch 3 — c— ch 3 






ch 3 


re-Pen tane 


Isopentane 


Neopentane 



With higher alkanes the number of structural isomers increases rapidly (see 
Tible 2.2). 



Table 2.2 Number of Possible Structural Isomers 
of Alkanes 



Name 


Molecular formula 


Number o 
isomers 


Methane 


CH. 


1 


Ethane 


c 2 h g 


1 


Propane 


c 3 h s 


1 


Butanes 


C 4 H 10 


2 


Pentanes 


^3^12 


3 


Hexanes 


c 6 h 14 


5 


Heptanes 


C t H 1c 


9 


Octanes 


C S H 1S 


18 


Nonanes 




35 


De canes 


^10^42 


75 


Pentadecanes 


c 15 h 32 


4,347 


Eicosanes 


C 30 H 4a 


366,319 
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Structural isomerism is not confined to alkanes only. In fact, the phenome- 
non exists among all classes of organic compounds. For example, 






CH 3 CH 2 — OH 


ch 3 ~o-ch 3 


Molecular 

formula 

C 2 H s O 


Ethyl alcohol 


Methyl ether 


0 


0 




CRjCH 2 — (t — H 


CHa-i-CHg 


c 3 h # o 


Propionaldehyde 


Acetone 





In dealing with questions of structural isomerism, you must always keep i 
mind that 



in 



1* Structures may be drawn in different conformations (Sec. 2.1) In such cases 
the various conformed represent the same molecule and not separate struc- 
tural isomers. For example, 






CH 3 CH 2 CH 2 CH 3 CH 3 — CH 2 — CH 2 and CH, 



gw 






CH, 



CH 2 -CH 2 

ch 3 

are the same molecule, n-butane. 

2, Every atom m each structural isomer must have the correct number of bonds 
(Sec. 1.5). 



Problem 2.2 Indicate whether the following pairs of structures are (1) the 
same, (2) structural isomers, or (3) entirely unrelated. 

CH, 



(a) CH,— CH-CH 3 and CH 3 -CH— CH 3 



l 

ch 3 



(b) CH 3 -CH 2 -CH, 



ch 3 

and CH 2 — CH 2 



ch 2 — CH 2 CH s * ■ • e CH 3 — CH 2 — CH 3 



(c) CH 3 — CHjj— CH 2 — CH— CH 3 and CH 3 — CH 2 — CH 2 — O— CH 2 — CH 3 
OH 



CH 3 ch 3 



T 3 V 

(d) CH 3 — CH 2 CH 2 CH 3 and CH 2 — CH— CH 2 — CH,— C 



CH 2 — CH 2 — (5 h 2 ^ iq / r h. CH, 

(e) Br CH 2 — CH 2 CH Z CH 3 and CH 3 — CH 2 — CH 2 — CH a — Br 



H, 
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and 



CH 2 =CH-CH 2 -CH 2 -CH 3 



(g) CH : -CH 2 -C=C-CH 2 -CH 3 



and 



/CH, 

h 2 c ch 

h„c^ Ah 

" ch 2 



2 A Classes of 
Carbons and 
Hydrogens 



Problem 2.3 Write partially condensed structures for the five isomeric hex- 
anes, C 6 H 14 . 



Classes of Carbons and Hydrogens 



2.4 



The two isomeric butanes contain three different classes of carbons and 
hydrogens* A primary (1°) carbon is one that is bonded to only one other 
carbon. Carbons bonded to two other carbons are called secondary (2°) car- 
bons, and those bonded to three other carbons are called tertiary (3°) car- 
bons. Hydrogens are also referred to as 1°, 2°, or 3° according to the type of 
carbon they are bonded-to. n-Butane has tw r o 1 ° carbons with six 1 D hydrogens 
and two 2^ carbons and four 2° hydrogens. In isobutane there are three 1° 
carbons and nine V hydrogens but only one 3° carbon with one 3° hydrogen. 



H— (C)— H 



.•1 
*V'- 



r. 



H H H H 

[ 111 

H-C-C-C-e-H 

fli h ) 

. ; j r 2 * ^ r 

y 

1ft 1 ti- ° v . 



H H 

1 1 


c — C - c- 

<*-«L 


X 

I 

o- 

1 

o- 

1 

Or 

r 

X 




. 4 (h . h) 

r v j3° - r • i* 

, 1 Isobgtane 


iA / c- 





r V *' 



Problem 2.4 How many 2% and 3° carbons and hydrogens, if any, are there 
tn propane? — ^ 



c*- 



v\ a 



Problem 2.5 When a carbon is bonded to four other carbon atoms, it is called a 
quaternary (4°) carbon. Look at the structure of neopentane (page 31) and 
determine how many 1% 2°, 3°, and 4 P carbons and hydrogens, if any, there are 
in this molecule. 



2*5 Alkyl Groups 



, 



Consider the complicated alkane 

V 3 h 3 c ch 3 

CH. CH, CH 

I I ' I 

CH g — CH — CH 2 — CH — CH 2 — CH — CH 2 — CH 3 — Parent nonane chain 

Its molecular formula is C 15 H 32 , and Table 2.2 indicates that there are 4347 
possible isomers. Therefore 4347 names are needed to identify each one unambig- 
uously. This seemingly impossible task can be accomplished by identifying and 
naming first the longest conti nuous ca rbon chain* and then the br anch es that 
are attached to it. In our example the longest contmuous^chain has nine carbons 
and is therefore a nonane. The branches, or alkyl substituents, have names of 
their own, An alkyl group is an alkane from which, a hydrogen has beenj^e- 
nioved. The symbol R is used to represent an alkyl group, as in R — OH, the 
general formula for alcohols (Sec, 1.11). 

Individual alkyl groups are named by replacing the suffix -uric of the parent. 
aVaane by -yL Thus the &\Yv\ group CW ?> — 5 derived from methane, is caWed the 
methyl group. Similarly, ethyl, CH 3 CH £ — , is the alkyl group derived from eth- 
ane. 



H H 

U q _ jj removal of any one II ^L, 

A * I _ 



H 



H 



or CH 3 — 

W\ a; 



* - ^ 



Methane 


Methyl 


H H 

1 1 


H H 


H-C-C-H 
1 l 


removal of any one H t ^ ^ 

| | 


H H 


H H 


Ethane 








Ethyl 

Propane has two kinds of hydrogens: the six in the two methyl groups and 
the two in the CH 2 group. 

H H H 

iii , 

H— C— C C-H 



H H H 



Removal of a hydrogen from either one of the two end r arhons gives the 71-pro pvl 
group, while removal of a hydrogen from the middle carbon yields the isopropyl 
group. 



* The longest continuous chain may be determined by following, with one's finger, 
the sequence of carbon -carbon bonds that includes the maximum number of carbon 
atoms without ever doubling back over the same bond. 
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H H H 

I I I 

H— 0 — O — C — H 

! I ! 

H H H 

Propane 

H H H 



removal of any one 
CH a hydrogen 






H H H 

I I I 

» H— C— C— C— or CH 3 CH 2 CH 2 — 



L.? '■? 

■J f J 1 



tJ- 
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3.5 Alkyl Groups 



H H H 



H H H 



7?.- Propyl 



h— c— c— c- 

I I I 

H H H 

Propane 



-H 



removal of either 



I 



> H— C— C— C— H or CILCHCH, 

hydrogen III J | J 

H H 



Isopropyl j, 






There are four alkyl groups that can be derived from the butanes, two from 
■butane and two from isobutane, because each isomer has two kinds of liydrO- 



mS. 



H H H H 

H 4444- .. 

CH.j hydrogen 

H H H H 

rt-Butane 

H H H H 

I I I I 

H— C— C— C— C— H 

i I I I 

H H H H 



H H H H 

JJ llem ova ^ any one ^ fj C C C C 



I ! 

H H H H 



or CH 3 CH 2 CH 2 CH 2 - 



n- Butyl 



H H H H 

” lo f anjro,1 % H -C_C_C_C_ H or CH-CH 2 CHCH 3 

I I i I ■>- 3 2 | 3 

H H H, '4 - 1 
V ' J 
, y i ysech Butyl 
{secondary) 



CH 2 hydrogen 



H 

i 

H H— C— H II 

I I I 

H— C C C— H 

I 1 I 

II H H 

IsobuLane 

H 



H 

i4- 



removal of any one 
CH :J hydrogen 



H H- 

I I 

H— C C- 

I I 

H H 



-H H 

I .. 

— C— or CH, 



VJ 1 

II ,1 



CII, 

I 

-CH— CH,, 



uV 



,4 



H H— C— H H 

^ C C H r " n " ;Qva ~ B from ^ 

; 3 ' carbon 

H H H 



'■I 4 tsobutyl 

>4 ■> W 

II 

I 

H H— C-H H 

I I I 

H— C C C— H or CH. 

Ill 

H H 

j . \£ 'I ^ ter^ Bntvl or f-JButyl 

(tertiary) 



CH, 

4- 



CH, 



Having identified the most common alkyl groups, let us go back to our 
implicated alkane (page 34) and see if we can now give it an unambiguous 
ame + The alkyl branches on the parent nonane chain are methyl, ethyl, and 
©propyl; the compound could therefore be named met hy lethy lisopr opy lno - 
ane. Although this name does give us much information about the compound, 
is still ambiguous: we do not know the locations of the branches on the parent 
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chain. Thus, you nan see that naming a complicated compound is difficult. We 
need a systematic set of rules. Fortunately, a set of rules, the IUPAC system of 

nomenclature, is available. J 



ihe TUPAC System of Nomenclature 



As the number and complexity of organic compounds increased, it became 
obvious that the early names used to describe them were confusing and inade- 
quate. This problem led eventually to the development of systematic nomencla- 
ture rules by the International Chemical Congress, which met in Geneva in 1892. 

hese rules and their subsequent revisions are known today as the IUPAC sys- 
tem of nomenclature (International Union of Pure and' Applied Chemistry). 
Although the IUPAC name of a compound makes much more sense, many of the 
unsystematic names that existed prior to the development of the IUPAC system 
are still m use today. As a result most organic compounds are known by two or 
more names: the older unsystematic names, which are referred to as common or 
tri\ lal, and the IUPAC names. Isobutane and neopentane are examples of com- 
mon names. Usually, for compounds of five carbons or less, the common nomen- 
clature is employed. Larger compounds are identified by their IUPAC names. 

The IUPAC rules that apply to alkanes also form the basis for the nomen- 
clature of all other organic families. 

1. Select as the parent structure the longest continuous, chain, and consider 
the compound to have been derived from this structure by the replacement of 
hydrogens by various alkyl substituents. 

In the following example the longest continuous chain contains six carbons: 
it is therefore a hexane. The substituent is an alkyl branch. Note again that the 
longest continuous chain is not necessarily straight. It may be bent in various 
directions because of the free rotation between single-bonded carbon atoms. 



CH- CHi/ CII- CH- CIL 


not CH.,— CH, — CIU-C IT- 
CH, 


Longest 


continuous ' \ \ '■■■■ : 

chain CH*:. 

*■ „ ) 


1 2 
CH 2 




1 

ch 3 


Ethylhexane 


Propylpentane 



2 Number the carbons in the parent chain starting from whichever end will 
give the lowest number for the point of attachment of the substituent. 



CH 3 — CH 2 — CH — CH 2 — CH S 

4 CH., 
i “ 

5 CH, 

I 2 

e CH- 



/3-?Ethylhcxane 



* ■ .s Af 

, \ A U 

P 






■rV 



« 5 4 

not CH 3 — CHj — CH — CH, — CH.. 

a CH, 

I 2 

2 CH- 

I 2 

i CH 3 

4-EthvIhexane 

f 

u ' £> 



7 name the compound, first indicate the position of the substituent on the 
ft^ent carbon chain by a number Jin this example the position number is 
' The number Is followed by a'Sypheh and the combined name of the substituent 
'■■yl) and the parent carbon chain (hexane), giving 3-ethylhexane as the full 
"ime. 

3. If the same alkyl substituent occurs more than once on the parent carbon 
chain, the prefixes di-i tri-; tetra-, penta-pmA so on, are used to indicate two, 
rnree. four, five, and so on. The positions of these substitu tents are indicated by 
it proprate numbers separated by commas. If the same substituent occurs twice 
. _ rhe same carbon, the number is repeated. For example. 
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CII. 



5 4 3 2 1 1 

ch.-ch-ch 2 -c-ch, 



Parent carbon chain (pentane) 



CH 3 ch 3 

2,2,4 -:Trimethylpen ta n c 

4. If different alkyl substituents are attached on the parent carbon chain, 
They are named either in order of increasing complexity or in alphabetical order. 
It does not matter which method is chosen, as long as the compounds are 
named consistently.) The chain is numbered from the dir ection that gives the 
_2 «est possible number to one substituent group. For example, the following 
molecule is named 4 -met hy 1-3, 3 -diethyl-o-^- propyl octane if the order of com- 
plexity is used, and 3,3-diethyI-4-methyl-5-w-propyloctane if the alphabetical 
:>rder system is used. 

CII, 



S 7 

ch 3 — ch 2 



6 



CHJ CH 2 

4 1 3 3 1 "2 1 



-CH, — CH CH -C— CH,— CH, 



CH,> 

i 

CH, 

I 2 

CH 3 




e+V,L)| 



Parent chain (octane) 



4- 






pie-lty 1 



pYop'l! Odqvie. 



5. If substituents other than alkvl groups are also present on the parent 
carbon chain, then all substituents are named alphabetically. The names for 
some of the more common nonalkyl substituents are 



The following compound is therefore named 3-bromo-2-chloro-4-methyl- 
pentane. 




— F fluoro 

—Cl chloro 
— Br bromo 
— I iodo 



— N0 2 nitro 



~NHn amino 



-CN 



Br 

CH,— CH CH- CH— CH 






_ 7.T c \ 






■ p ' '■ - . 



I 

Cl'Ig Cl Xi dv J 



i'vc 0rv & _ L7 



.. V. ' C L / o 



- \ 



The following examples will help you to understand and apply the IUPAC 
rules of nomenclature. 
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Example 2.1 Write the structural formula of the compound whose IUPAC 
name is 2 3 5 ? 5“trimethyl4“ethylheptane. 



Solution (!) Because the parent chain is always indicated by the last part 
of the compound’s name, the chain in this case is a heptane. Write a seven- 
carbon chain without bothering yet about the hydrogen atoms* 

I I I I I I I 

C C — C- — C — C — C — C " Parent chain (heptane) 



(2) Number the carbons starting from either end. 



— c— C— C— C— C— C-C— 

7 l b I 5 I 4 I 3 I 2 I 1 

(3) There are three methyl substituents, one on carbon 2 and two on car- 
bon 5. 

CH, CH, 

Jil l I I I 

— C— C— C- C-C— c — c — 

I 1 I 6 I 5 I 4 I 3 I 2 j 1 

ch 3 

(4) There is one ethyl substituent on carbon 4. 



OH, 



CH, 



— c — c — c - — c — c — c — c — 

|7 |6 [5 |-1 1 3 (2 1 

CH S CH 2 

ch 3 

{5) Now add the missing hydrogen atoms on the parent chain to get the 
correct structure of the compound. 



CH 



;-CH -C- 



CH S CH, 

— CH— CH,— CH CH, 



CH 3 CH, 
CH, 



Example 2.2 The incorrect IUPAC name of a compound is 2,2 -diethyl- 
butane. Write the structural formula and correct name of the compound. 



Solution (1) The parent carbon chain is called butane: it therefore has 
four carbons. c 



-C— C— C— C— 

i T i i 



Parent carbon chain (butane) 



(2) Number the chain. 



-C-C— C— C— 
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; There are two ethyl substituents on carbon 2 

ch 3 

ch e 

-c— i-A — A- 

! ' Ah 2 1 

CH, 

'f ' T . he Joilgest continuous chain is not four carbons but five carbons It is 
Therefore a pentane, 

X CH, 

2 I 

, CH a 



-c-c-c- 



ch 2 

I 

ch 3 

l5) P arem chain is renumbered, wc find a methyl substituent and 

™ substituent on carbon 3. Named according to alphabetical order 
:he compound is 3-ethyl-3-meth,ylpentane. Writing the missing hydrogens 
gives the correct structural formula. s J H 

a l 

ch 2 

-3 c— ch 3 

ch 2 

I 2 

CH, 

3-Ethyl-3-methylpcntane 



5 

CH 



4 

CH. 



2*6 The IUPAC 
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Problem 2.6 Give the IUPAC name for each of the following compounds List 
-he alkyl substituents m alphabetical order. S 1 1 



CH, 

I 

a) CH 3 — C- CH 2 ~CH 2 — CH, 
CH S 

ch 3 CH 2 -CH 3 

— c 



?_ - du <***$* H ! P^-'o Wv\ 



b) CH, CH CH 2 — C— CH 2 — CH, — CH 2 — CII, 
CH, 

, c, ? H - 

«> CH 3 CH CH 2 — CH 2 — C — CH a 

.CH^j PH|- C PH^ 

CH, 



g i ‘fit - ■-/ ( -.<K wj&'W'ik/ c c f-Qi 









4, fc ;\ )€ " ' 






fepcvoe 



Saturated 
Hy dr oc arbons : 
Alkanes 



40 




— - ,'l 2 — 

' 



Problem 2./ Write the structural formula for each of the following com- 
pounds. 



(c) 3 ,4 -Dim ethy 1 - 5 -ethy 1 -6 -i s opropy In on ane (d) 2-Bromo-3-methylpentane 

(e) 2 , 4 -Dime thy 1- 5 - ethy 1 -4 - 1 - b u t y lhept ane 



Problem 2.8 These compounds are incorrectly named. Write the structure and 
correct name for each compound. 



The two principal sources of alkanes are petroleum and natural gas, both of 
which are products of the decay of animal, vegetable, and marine matter. Petro- 
leum and natural gas constitute the chief sources of alkanes up to 40 carbons as 
well as of many aromatic, alicyclic (cyclic aliphatic hydrocarbons), and hetero- 
cyclic (cyclic molecules with more than one kind of atom in the ring) com- 
pounds. 



A Petroleum Refining 

Petroleum is a viscous oil liquid that varies in appearance from a dark yel- 
low to a brown to a greenish black color. Its various components are separated 
and purified by a process called refining. This is usually done by distilling the 
petroleum into fractions of different boiling ranges and then treating the dis- 
tilled petroleum in various ways to remove the undesirable components. The 
most volatile components (that is, those with the lowest boilingpoints) come out 



(a) 2 -Methy Ip en tan e (isohexane) 



(b) 2,2-Dichlorobutane 



(a) 4,4-Dim ethy lpentane 

(c) 2-Ethylpropane 

(e) 3- M ethyl - 5-isopr opy Ihexan e 



(b) 2 - Meth y 1-2 -s ec - butyl pent ane 
(d) 2 - f-Buty lbu t ane 



7 Sources of Alkanes 



: ’i: The less volatile components come out next, and the highest boiling com- 
2 i-r.is (those that boil at temperatures above 400* C) remain behind as resi- 
Gasoline boils at temperatures between 40 and 200 D C. Kerosene {used as 
i- engine fuel) boils at temperatures ranging from 175 to 325° C. Lubricating oil, 
i.T. and petroleum coke are the highest, "boiling residues that remain behind. 
Tir.e 2.3 lists the useful components of refined petroleum. 

Commercially, gasoline is by far the most important fraction of petroleum 
It is not, however, a major fraction of the distillate. One industrial 

- t’ - >d used to increase the quantity of gasoline is a process known as cracking 
p;<Tolysis (from the Greek pyro, lire; lysis , breaking) (see Fig. 2 A). In this 

p->:sss the higher-molecular-weight alkanes in petroleum, usually the kerosene 
- fas oil fractions, are heated in a chamber to very high temperatures (400- 
' C ), at which point they are broken into a mixture of smaller hydrocarbons, 

- me of which have molecular sizes in the range of gasoline constituents. 

The refined products of petroleum, known as petrochemicals , have great 
industrial importance. They are used as raw materials in the manufacture of 
nany useful finished products, as Figure 2,5 indicates. 



B Octane Number 

Gasoline performance in internal combustion engines has for many years 
rated on the basis of the octane number scale. The higher the octane 
'umber assigned to a fuel, the better its performance and the lower the incidence 
: : “knock" in the engine. Knocking is the familiar sharp “ping” that occurs in an 
i-iomobile engine when driving up a steep grade or attempting to accelerate too 
rapidly. Knocking is caused by the premature ignition of the fuel-air mixture 
:efore completion of the compression stroke, result ing in reduced power and in 
engine wear. 

In setting up the octane number scale, re-heptane, a poor fuel that causes 
severe knocking, was arbitrarily assigned an octane rating of zero. 2,2,4-Tri- 
nethylpentane (known as isooctane by the petroleum industry), an excellent 
fjel with no knocking tendency, was assigned an octane rating of 100. The oc- 
- ire ratings of other fuels are determined by comparing their knocking tendency 
■ ::h that of a synthetic blend of 2,2,4-trimethylpentane and re-heptane. The 
: 2 miliar “regular” gasoline with an octane rating of 90 has a knocking character- 

Table 2*3 Some Components of Refined Petroleum 



•• " ' 

.. •. . . : - 

Fraction 


f:’”T T- *i" :T"'T T: • :T - T .!• 

Boiling Carbon 

range ( Q C) content 


Gas 


Below 20 


c,-c 4 


Petroleum ether 


20-60 


c 5 -c e 


Naphtha 


60-100 


C 6 -C T 


Gasoline 


40-200 


c,-c w 


Kerosene 


17 5-325 




Gas oil 

Lubricating oil, asphalt, 


300-500 


C 15 _C 40 


petroleum coke, and 
paraffins 


Above 400 


^15“' ^40 
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Saturated 
Hydrocarbon s: 
Alkanes 




CatalytlC CTackingUrilt ,ised 111 the Production of gasoline. [Ooprtesj 



JntaT iValent t0 ° f a ™ ktUre 0f 10% «’ he Ptane and 90% 2,2,4-trimethyl- 

When the system of rating a fuel was first established no other known 

^ bett T engine P erf o™ance than 2,2,4-trirnethylpentane 
Since then, however, new hydrocarbons that are super ior fuels have bee? discov ' 
eied and given an octane rating higher than 100 Hydrocarbons thTt surpaL 
, ^tnmethylpentane in knock performance are rated not by their knocking 
the^a^ b f by thsv P° u ' er out P ut as compared with the power developed bv 
tLe SflOO miJ??tk°+ Cta ? numbe, ; a over 100 are base h differently than 

i ■ J 2.4 lists octane mimbei’s of some hydrocarbons Noleth^f 

^ wiit ~ ing ^ ^ ■* 

R m,lS! Ct T* "T ber ° f ® P °° r fucl can also he improved by blending it with 
tift? “ £ ° addltlves * Commercial Ethyl Fluid, which is added to gasolines 
ipiove , eir octane ratings, consists of approximately 59% tetraethyllead. 
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Figure 2*5 Manufactured products made from petrochemicals. [From The New York 
Tunes, Jam 6 ? 1974, © 1974 by The New T York Times Company, Reprinted by per- 
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Table 2A Octane Number of Some Hydrocarbons 



Saturated 

Hydrocarbons; 

Alkanes 




^-Hexane 
n- Heptane 
^-Octane 
n- Nonane 
2- Me thy lpent a ne 
2-Methylhexane 
2-Methylheptane 
2,2- Dim ethyl hex an e 
2 , 3 - Dim ethy lbutan e 
2 ? 2A -Trimethy lpen t a ne 
2 >2 ,3- Trimethy lpen tan e 



26 

0 

-20 
— 35 
73 
45 
24 
77 
93 
100 
116 



13% ethylene bromide, 24% ethylene chloride, and 4% kerosene and dye. Tetra- 
ethyllead, (C 2 H 5 ) 4 Pb, is an ellicient antiknock agent but has one disadvantage: 
its combustion product, lead oxide, is reduced to metallic lead that clogs 
the cylinder valves of an engine. Some lead, a dangerous pollutant, is also dis- 
charged into the air through the exhaust pipe. To remove the deposited lead, 
ethylene bromide and ethylene chloride are added with the tetraethyllead into 
the gasoline. Each additive leasts with the lead in the engine and trans- 
forms it into gaseous lead bromide and lead chloride at the combustion tem- 
perature. These gases are then discharged through the exhaust pipe. The net effect 
is to clean the engine but also to pollute the air even more. Although stringent 
federal emission standards were passed to combat pollution caused bv the auto- 
mobile, they have of late been relaxed because of the energy crisis. The emission 
control equipment put in automobiles since 1973 has increased gasoline con- 
sumption, and their effect in actually lessening the amount of pollution is 
questionable. 

Other additives such as TCP {tricresyl phosphate) and boron hydrides have 
also enhanced the performance of many gasolines. 



C Natural Gas 

Natural gas consists of the low-molecular-weight alkanes from C, to C a . It 
is composed primarily ol methane (80%); the other constituents are ethane 
{ 3 /o ) j butane (1%), Cb through Cg alkanes (0\5%) ? and nitrogen 
(2.5%). Natural gas is a cleaner fuel than petroleum because it contains almost 
none of the sulfur compounds usually found in petroleum. The combustion 
o natural gas, unlike the combustion of many petroleum products, produces 
very little sulfur dioxide, S0 3 , a troublesome air pollutant in many large 



The propane and butane components of natural gas can be removed by 
liquefaction and compressed into cylinders to be sold as bottled gas, which is 
used lor fuel m many rural areas. In heavily populated urban centers, the natu- 
ral £as is jhstributeh by means oi 

many other mysrtwa*. <ss&*bc us alcohols, aldehydes, ketones 

carboxylic acids, and alkyl halides. 



Methane is also called marsh gas because it rises as bubbles oil the surface of 45 

marshes and peat hogs. Like propane, butane, and other alkanes, methane is 
highly flammable, and its spontaneous ignition in marshes is responsible for the „ _. 2 ' 8 /, 1 ’ ysico1 

ghostly looking blue flames called will-o’-the-wisps. ' ° pertles ° fAJkanc9 



Physical Properties of Alkanes 2 »& 



By physical properties we mean those properties that can be observed without 
the compound undergoing a chemical reaction. 



A Physical States and Solubilities 



d < <o c M 1 

Cg C -7 ^ 

L t l & &JA£>t 1 o -sCj V' tO^X-hl k 






Alkanes occur at room temperature as gases, liquids, and solids. Alkanes 
from (\ to C 4 are gases; most C 5 to C 1T alkanes are liquids; and the C 1S and 
larger alkanes are wax-like solids. 



A f. v Z 1 



Alkanes are nonpolar compounds. Their solubility characteristic may be ^ 4 ,.,.. 
predicted by what is commonly known as the 'dike dissolves like” rule. What this L 
rule means is that, nonpolar compounds are soluble in other nonpolar solvents 
and that- polar compounds are generally soluble in other polar solvents. Thus, 
alkanes are soluble in the nonpolar solvents carbon tetrachloride, CC1 4? and 
benzene, C e H 6J but they are insoluble in polar solvents such as water. 






B Boiling Paints 



'A 



r> 



v V'. ck-e-CK [ C:v^- vO PY-vWr ^ vysA, 



'q L .\r:l i,,-\ 



When a substance boils, it changes from a liquid to a gas, a process requiring 
energy. The boiling points of normal hydrocarbons increase with increasing mo- 
lecular w ei ght. One explanation for this trend is that as m olecuL es b ecome larger * 
there a re m ore forces of attracti on between them, and more energy is needed to 
go from the liquid to the gaseous, state. Except for the very small alkanes, the 
boiling point rises 20-30° C for each addition of a carbon atom to the chain 



m V t:. : 



(Fig. 2.6). 

Among isomeric alkanes, the straight-chain compound has the highest boil- 
ing point. For the other isomers, the greater the number of branches, the lower 



•-.ir-a i e. h ~ cV.cyi V; 



the boiling point. For example, 



CH, 



& 



qw- 1 



ch 3 ch 2 ch,ch 3 

n-Butane 
(bp = 0°C) 



ch 3 ch 3 ch 2 ch 2 ch 3 



n- Pentane 
(bp = 3(TC) 



CH 3 CHCH 3 

Isobutene 
(bp = — 12°C) 

CH;, 

CH 3 CH 2 CllCH g 









V\ 



Isopentane 
(bp = 28"C) 



CH., 

I 

CH fi CCH 3 

ch 3 

Neopentane 
(bp = 9.5”C) 
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Figure 2,6 Boiling points of normal alkanes. 



The decrease in boiling points with increased branching can be explained as 
follows: as branching increases, the molecule becomes more compact, decreasing 
its surface ai^ea. With a smaller surface area, the intermolecular forces of attrac- 
tion are diminished, requiring less energy to go from the liquid state to the 
gaseous state. 



Problem 2,9 Arrange the following compounds in order of increasing boiling 
points: n-hexane; 2,2-dimethy lbutane ; 2 -methyl pentane. 



C Melting Points 

The melting points of alkanes also increase with increasing moJjecnlar 
weight. However, unlike the change in boiling point, there is no regularity in the 
change in melting point with the number of carbon atoms in a molecule. Also, 
differences in melting points between straight- chain and branched -chain com- 
pounds follow no regular pattern. 



•9 Preparation of Alkanes 

A great number of alkanes can be obtained in pure form most economically 
by fractional distillation of crude petroleum* In some cases it is necessary to 
synthesize an alkane that cannot be obtained from natural sources, and labora- 
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® ry methods of preparation are available. These consist of converting an- 
fcser class of compounds into alkanes* For this reason, we shall not discuss the 
preparations of alkanes until we encounter other classes of organic com- 
aecm ds* 

Before proceeding to the reactions of alkanes, which involve the breaking 
si i making of bonds, we shall first look into the various ways a bond can be 
broken and the notations used to indicate the movement of electrons. 



2.10 Notations for 
Rond Breaking and 
Rond Making 



r* r mV ^ 

Notations for Bond Breaking and Bond Making 



2.10 



A covalent bond can be broken in either of two ways, homo lytically or 
ietemlytically. Homolytic cleavage occurs when a bond splits evenly into two 
jrral fragments, each with one odd electron. A fishhook arrow- indicates 
movement of a single electron* Heterolytic cleavage occurs when a bond 
unevenly, forming two oppositely charged fragments* A full-headed 
_rved arrow denotes the movement of an electron pair. Both homolvtic and 

1 

i-:erolytic cleavages are illustrated with the hypothetical molecule A — C — , 



Homolytic cleavage 

.K^C- A - + • C- 

I I 

Free radicals 



Heterolytic cleavage 



C — " wrsy > A : 



+ + C- 



Carbocation 




energy 



A + + 




Carbanion 



Each species produced by Jiomolytic cleavage has an odd electron and is 
kjfd a free radical* In the case of heterolytic cleavage, depending on how- 
age has occurred, the carbon is either a positively charged ion called a 

I ' ) 

cation, + C — , or a negatively charged ion called a carbanion, “C— Free 



V S carbocations, and carbarn ons are reactive species that appear only as 
-lived intermediates in organic reactions. We will encounter fr ee radicals in 
^nation, the first reaction of alkanes. 



2.11 Reactions of Alkanes 

Compared with most other classes of compounds, saturated hydrocarbons 
undergo very few reactions, and this is why they were originallv called paraffinic 
hydrocarbons (from the Latin parurn, littie; affinis, affinity). We shall consider 
two important reactions that alkanes do undergo, namely, haiogenation and 
combustion. In the former reaction only carbon-hydrogen bonds arc broken; in 
the latter both carbon-hydrogen and carbon- carbon bonds are ruptured 

These reactions are presented here in a general form. They are discussed in 
greater detail in the next three sections. 




2.12 Haiogenation 



Haiogenation is the typical substitution reaction of alkanes. It involves 
the replacement of hydrogen by halogen, usually chlorine or bromine, giving 
alkyl chlorides or alkyl bromides. Fluorine reacts explosively with alkanes and is 
thus an unsuitable reagent for the preparation of alkyl fluorides. Iodine is too 
umeactive and is not used in the haiogenation of alkanes. Only chlorine .and 
bromine react readily with alkanes under easily controllable conditions and are 
therefore used in the reaction. 



Biugcjwwuu u i dimness place at nigri temperatures (hrjunder the in- 
fiuence of ultraviolet light. The reaction is illustrated by the general equation 
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R-H +X 2 

An alkane 



heat or 
LIV light 



R— X + HXf 

Alkyl halide 



(X a = CI 2 or Br,,} 



_ nlorination of an alkane usually gives a mixture of products because more 
one hydrogen may be substituted by chlorine atoms. For example, the 
l_ rination of methane yields a mixture of four different products* 



H 



H 



Cl— Cl + H— C— H 

H 

Chlorine Methane 



heat or 
uv light 



II — C — Cl + HCI 
H 

Chloromethane 
(Methyl chloride) 






H 

i 

_ Cl-Cl + H— C— Cl 

H 



H 



H 

-L 



■y 



Cl-C— Cl + HCI 
H 

Dich k>ro mu Lh une 
(Methylene chloride) 

Cl 



Cl— Cl + Cl— Q— Cl * Cl— C— Cl + HCI 



H 

Cl 

I 

- Cl— Cl + Cl C-Cl 

H 



H 

Trichloromethane 

(Chloroform) 

Cl 

I 

Cl-C-Cl + HCI 

Cl 



Te trachloromethane 
(Carbon tetrachloride) 



cr* 

S mJ'h’OSV i 



To form a monohalogenated product, where onl y on e H atom is repla ced by 
farr^r Cl or Br,_the reaction is ymduUexLwitha amall amount of halogen and an 
=£.? of hydrocarbon. Under those conditions, the supply of halogen is ex- 
fa red as the first hydrogen of the hydrocarbon is replaced so there is practh 
aTy no possibility for substitution of the remaining hydrogen atoms. 

Both methane and ethane give only one mono chlorinated product because 
p -r:h compound all hydrogen atoms are equivalent. When propane is chlori- 
two monochlor ina ted products, 1-chloropropane and 2 - chi oro propane, 
famed. f|^ % rV y) ^ i • ! 15, 

. CH,CH 2 CH, + Cl, » CH 3 CH S CH 2 — Cl + HCI 

3 1 3 Z uv light 3 2 2 V.^; 

1-Chloro propane d . 

<J*Y 



, CH,CH,CH 3 -f Cl., > 

i 2 2 2 uv light 



CH a CHCH 3 + HCI 
Cl 

2-Chlor opropa ne 
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Halugeiiulion 




V " 



La-P tf" 
bj 



<-■£— c-A— cjj— eft- cX 



c - i '; e ^- c i v c>. ov t t. 

^ T "X t 



tl 
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Saturated Problem 2.10 Name and give the structures of all the products of the mono- 

Hydrocarbons: chlorination ol (a) butane and (b) pentane. 

Alkanes 



<-‘t <-#- cp- a. . 



c. b- Cl ft— C4 ^ 
-J *■ I ' 
cL 



Problem 2.11 Name and give the structures of all the products of the mono- 
bromination of (a) isobutane and (b) 2,2-dimethylbutane. 



2.13 



Mechanism of Halogenation of Alkanes 



A reaction mechanism is a detailed step-by-step model of exactly how a 
given reaction is believed to take place. Halogenation of alkanes proceeds bv a 
free-radical chain mechanism. Recall (Sec. 2.10) that a free radical is any 
reactive species with an odd electron. The mechanism involves throe distinct 
steps: (I) a chain -initiation step, (2) a chain -propagating step, and (3) a chain - 
ermmatmg step. Using chlorine and methane as our reactants, we shall examine 
these steps and see how they contribute to the overall reaction. 



f* - initiation step , Homolytic cleavage of a chlorine molecule 

two highly reactive chlorine free radicals. 



forms 



cMi 



2 Cl* 



(Note that the weaker Cl— Cl bond, rather than the 
broken in the initial step. See Table 1.4.) 



stronger H — CH S bond, is 



2. Chain-propagating step. The chlorine free radical attacks a hydrogen 
atom from methane, forming a methyl free radical and HC1. 

H H 

Cl ■'Vh — C H H Cl + -i-H {2a) 

H H 



The reactive methyl free radical quickly reacts with another molecule of chlo- 
rine to give methyl chloride and another chlorine free radical. 



H H 

C / + ‘01— Cl — -> H— C— Cl + Cl* 

H H 



Back to (2a) 

Tlie chlorine free radical can go on to repeat reaction (2a). The reaction se- 
quence (2a) to (2b) to (2a) to (2b) and so on is referred to as a chain reaction It 
will continue indefinitely until one of the reactants is completely consumed or 
until two reactive intermediates react together. 



p, Chain-terminating step. The termination of the chain reaction sequence 
taction of two reactive intermediates may occur when two chlorine atoms 
tr Together to form a chlorine molecule, when two methyl free radicals react 
Butcher to produce a new alkane, which is a dimer of the parent alkane, or when 
jkkyl free radical reacts with a chlorine atom, to give an alkyl halide. The 
reactions are 
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2.14 Combustion of 
Alkanes 



ClOci 

H 



CL 



or 



H 



I 

+ ■ C—H 



H 



H 



H H 

I I 

H-C—C-H 

I ( 

II II 



or 



H — C 

H 



H 

. r*T\ 



ci 



H 

H-0— 01 

H 



1 -: effect of each of the possible occurrences is to remove from circulation 
•j. :he reactive species. 

- - e overall general mechanism of free-radical halogenation is summarized 



C lain -initiation step: 
2 X ■ 



- iight 

( - -propagating step: 

. X* + H— R -» H— X + R- 
. R - + X— X R— X + X ■ 

-terminating step: 

, X- + -x -» X., or 
k. R - 4- • R — » H— R or 
R - + -X -» R— X 



Back to a 



2.12 Monoclilormation of ethane follows the same course as the chlo- 
:>f methane. Write the mechanism for the chlorination of ethane. 



Combustion of Alkanes 2.14 



- y 9 

(Then ignited in the presence of excess oxygen, alkanes are oxidized to car- 
:.:de and waters A large quantity of. heat (the heat of combustion) is 
in the process- In fact, the heat is the most important product of this 
oecause it is the source of power used to warm our homes and run our 
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Saturated 

Hydrocarbons: 

Alkanes 



General equation 

+ ~ + 1 0 2 > n CO, + (n + 1) II 2 0 + heat 

Specific examples 

Complete combustion of methane 

CH 4 + 2 0 2 » C0 2 *f 2 H 2 0 + 213 kcal/mole 

Complete combustion of ethane 

C 2 H g -h 3| 0 3 * > 2 C0 2 -b 3 H 2 0 + 373 kcal/mole 

Complete combustion of propane 

4- 5 0 2 — 3 C0 2 + 4 H,0 4- 531 kcal/mole 

Note that about 160 kcal of heat is liberated for each methylene group added to 
the hydrocarbon chain. The mechanism of this reaction is not well understood, 
but is believed to involve a complex series of free-radical reactions* 

The incomplete combustion of alkanes liberates poisonous carbon monoxide 
(CO) or carbon in the form of soot; both are major contributors to air pollution. 
Incomplete combustion of fuels frequently occurs in automobile engines, where 
it results in carbon deposit in the pistons and in expulsion of toxic carbon mon- 
oxide in the exhaust fumes. This is why it is dangerous to drive an automobile 
with all the windows closed, or to warm up the car in a closed garage. The 
incomplete combustion of methane is illustrated in the following equations. 

(1) 2 CH 4 + 3 0 2 ► 2 CO + 4 H 2 0 

(2) CH 4 + 0 2 > C (soot) + 2 H 2 0 

Although soot is a nuisance when it forms in automobile engines, large 
quantities are used industrially, mainly in the manufacture of tires. This soot is 
produced by conducting the second reaction under controlled conditions. 



Problem 2*13 Write the equation for the complete combustion of /z -butane, 
and estimate the value of its heat of combustion. 



\ Ci w| f ] 

l — / r r “ 

2.15 Cycloalkanes: Nomenclature 



r 



\ 





Cycloalkanes are satura ted hydrocarbons that exist in the form of a ring. 
^Except for the cyclic alkanes, which are very inactive; 
cyclic alkanes are as unreactive as their open-chain anaIogs“For this reasonthey 
are also called cycloparaffins. In the petroleum industry they are known as 
naphthenes because they are isolated from the naphtha fraction of petroleum. 

Cycloalkanes are named by adding the prefix cyclo- to the name of the 
open-chain hydrocarbon that has the same number of carbon atoms as in the 
ring, f or example, the three-carbon cycloalkane is called cyclopropane f and the 
loin -cat bon cycloalkane is called cyclobutane. Expanded and partially con- 
densed structural formula representations of cyclic alkanes are given in Sec- 
tion l + 7. 



nen only one substituent is attached to the ring, we name the substit uent 
■ad then name the ring. For example, 



CH. 






,ch,ch 3 



n " 






I - - : hyky cldpropane Ethy ] by cfcbutdne 



C5v\V\, C’A^ .&*■» " 

Vvii-ci \rS3>.\fv\<L WlQ. %ijh T ^ 
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2. 1 6 Geometric 
Isomerism in 
Cycloalkanes 






& 



Ti 



ct-wf 



two or more substituents arc attached to the ring, their ..positions are 
by numbers. The number 1 is assigned Lo one of the ring carbons hear- 
m~ : substituent; then the rest of the ring is numbered in a way that will give 
■a? west number(s) for the position of the other substituent(s). 



ch; 




not 




I S-Dimethylcyclohexane 
(correct.) 



1 ,5- Diinethy ley clohexane 
(incorrect) 

. t* f \ , H ; c u fS-jA bv 



CHo 




c\.vri, c^yv^ciA ° vn j 



% - eT po idv (Jo b tp* r -~ *jM 

1 — __ . ■ 



ch,ch 3 

1 -E thy L-3-methy leyelopentane 



?r:blem 2.14 Write the condensed structural formula for each of the incor- 
_ ’y named compounds, and give the correct name for each, 
i 1,3-Dichlorocyclopropane (b) 1, 4 - Dim ethy Icy dob u lane 

x5-Dibromocyclopentane (d) 6, 6-Dibromocyclo hexane 

fet 1^-Dimethylcyclohexane (f) 2,2-Dichloro-5-methylcydohexane 



*V/ 






A 



~ £ 1 C5 




Geometric Isomerism in Cycloalkanes 



2.16 



In open-chain alkanes very little energy is needed to twist around the car- 
& r.-carbon bond, and we say there is free rotation (Sec. 2.1). Tn contrast, in 
r alkanes the carbons arc held together in a ring, and so much energy is 
■eeded for carbon-carbon bonds to rotate that the ring would break before com- 
; r.r rotation takes place. Therefore, we say that there is no free rotation in 
p rioalkanes. The lack of free rotation of single-bonded carbons in a ring pro- 
: * Tes a kind of isomerism called geometric isomerism. A cycloalkane with two 
-_ :sikuents on different carbons of the ring can exist as a Qi$ isomer or as a 
~ *is isomer. In the_crs isomer the two substituents axe on the same side of the 




cts-l , 2- Dirnethy Icy ctapro pans cis -l t 2 - Dime thy Icy c lop en ta no m- 1 ,3-D ibrom ocy cl ohoxane 

(bp = 37°C) (bp - m*C t mp = -62‘C) (mp = 112*0 



j i^p:? ''P p 

G7 \ 

\ \ S 



ty 



t zJ 



(D 



0 d M) 



O 
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In the trans isomer the two substituents are on op^»^itejside^of the ring. 





trans- \ , 2- Dimethy ley cl<>prop a cie trans- l,2-Di TO etliylcyclopentane trans-l >3- Dibromo cyclohexane 

(bp = 29 C) (bp = 92 1 >C; mp = -120*0 (mp = rC) 



Note that cu $ and trans isomers have the same sequence of atoms bonded to 
each other and are therefore not structural Corners, Cis-trans isomers differ only 
m their configiirations ? that is, the orientation in space of the substituents 
around a carbon. For this reason geometric isomers are referred to as stereoiso- 
mers. (The subject of stereoisomerism is dealt with in greater detail in Chapter 
6.) Nevertheless, cis and trans isomers represent distinct molecules with differ- 
ent physical properties. 



Problem 2.15 Draw a condensed structural formula for each compound. 

(a) cts-l-Chloro-2-methylcyclopentane 

(b) trans-} 1,3-Diiluor ocydohexane 

(c) 1,1 -Dimethylcyclohexane 

(d) 1,1-Dibroni o-3- methyl cy cl open tan e (Note: There are no cis or trans in this 
case. Why?) 



Problem 2.16 Which compounds can exist as geometric isomers? 

(a) 1 ? 2 -Di br omo cy clohu tan e (b) 1,1-Dimethylcyclohexane 

(c) 1 , 2 -Dimethylcyclohexane (d) l,l-Dichloro-2-methylcyclohexaxie 



Summary of Concepts and Reactions 



Alkanes are saturated hydrocarbons consisting only of C— C and C— H single bonds 
They have the general formula C,H 2 „ +S . [Sera. 2.1, 2.2] 

Aikanes form a homologous series. rg cc 2 9] 

AH carbon atoms in alkanes are sp* hybridized and have a tetrahedral shape, 

rheie is free rotation about the C -C single bond in open-chain alkanes, [Sec. 2.11 
Conformations are structures that differ by rotation about a C— C single bond. At room 
temperature individual confcrmers cannot be separated. [Sec. 2.11 

illerent compounds with identical molecular formulas are called isomers, and the phe- 
nomenon is called isomerism. 1 y ec 2 31 

Isomers that differ in the sequence of atoms bonded to each other are called structural 
or constitutional isomers. rg ec 2 31 

There are four classes of carbons: primary (1° ), secondary (2° ), tertiary (3° ), and" quater- 
nary (4°). rej ec 2 . 4 ] 

An alley 1 group (R) is an alkane from which a hydrogen has been removed. 



[Sec. 2,5] 



± are known by two or more names, common names and IUPAC names. 

[Sec. 2.6] 

Tk- rsro principal sources of alkanes are petroleum and natural gas. The components of 



petroleum are separated by a process called refining. ^ [Sec. 2.7A] 

: lysis or cracking is an industrial method used to break large molecules into -smaller 
-nd more useful molecules, [Sec. 2. 7 A] 

T I . refined products of petroleum are called petrochemicals, [Sec, 2.7A] 

|K-z >,idng is produced by a fuel with a low octane number rating. [Sec. 2,7B] 

|I*>:z£iie is the major constituent of natural gas. [Sec, 2,7C] 



_ solubility of alkanes may be predicted by means of’ the “like dissolves like” rule, 

[Sec. 2.8A] 

Tit nhvsical properties of alkanes depend on chain length and degree of branching, 

[Sec. 2.8B] 

A : : valent bond can be broken during the course of an alkane reaction in either of two 
^ays, homolytically or hetero lyrically. [Sec. 2.10] 

A-k r- es undergo two types of reactions, halogenation and combustion. [Sec. 2*11] 
-. venation proceeds via a free-radical chain mechanism; (a) R — II -b X - — > 
R * + HX; (b) R ■ + X 2 RX + X - ; back to (a). [Sec, 2.13] 

C - - ylete combustion of alkanes yields C0 2 , H^O f and heat [Sec. 2.14] 

I . : alkanes are saturated hydrocarbons that exist in the form of a ring. [Sec. 2.15] 
— “t .ack of free rotation of singly bonded carbons in a ring gives rise to a kind of 
Isomerism called geometric isomerism* [Sec. 2.16] 

metric isomers in cycloalkanes can be formed by two substituents on the same side 
(cis) or opposite sides (trans) of the ring. [Sec. 2.16] 



Key Terms 



r or : -carbons 
i_£izes 
■ ^formation 
r^crirmer 
fc— -logons series 
tamo log 

bb zerism 

crural (constitutional) 
jomers 



primary (1*) carbons 
secondary (2°) carbons 
tertiary (3 U ) carbons 
quaternary (4*) carbon 
alkyl group, R 
IUPAC system of 
nomenclature 
common (trivial) names 
octane number 
free radical 



carbocation 
carbanion 
halogenation 
combustion 
substitution reaction 
reaction mechanism 
free-radical chain 
mechanism 
geometric isomerism 
configuration 



exercises 



' rructure and Nomenclature of Alkanes and Cycloalkanes 

5J 

t; Write structural formulas for the following compounds. 



[Secs. 2-5, 2.6, 2.15, 



(a) 3-MethyIheptane 
(c) 2 J 3-Dimethyl~4"ethyIbe)caTie 
(e) 2-Chloro-3-methylpentane 
(g) 1,1,2,2-Tetrabromopropane 
(i) trems - 1 ,2 - Dibr o mo cycle pent ane 



(b) 2 ? 3- D imethy Ip en tane 

(d) 2 3 3 Trime thy Ihe xan e 

(0 2 - Brom o - 2,3 - dich lor o b u ta ne 

(h) Methylcyclobutane 

(j) cis - 1 - Chi or o -2-e thy Icy clo propane 
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2,2 



Give IUPAC names for the following compounds. 



Saturated 

Hydrocarbons; 

Alkanes 



(a) ch,ctich 2 ch 2 chch 2 ch 2 ch, 

CH, CH 3 

(c) (CII 3 ) 3 CCH. ! CH 2 CH 2 C(CH 3 ) 3 
(e) CHBr 2 CHBr 2 



Bi 




Br 



CH, 

I 

(b) CH 3 -C-CH 2 — ciich 2 ch 2 ch 3 

CH 3 CH(CH 3 ) 2 

(d) CCljCH, 

(0 cf 4 



(h) 




ch 2 ch, 



0 ) 



ch 2 ch 3 



2.3 



Write the structure for each of the incorrectly named compounds listed below. 

Explain why the given name is incorrect and give a correct name in each case 

(a) 3 - Methy lbutane (b) 2-Ethylpropane 

/ C \ 2,3-Dibromopropane (tl) cis - 1 ,3-Dirnethylcy c lo propan e 

(e) 3,4-Dichloropentane (f) 1,1,3-Trimethylbutaoe 

(g) -Bromo- 3 -ethyl butane (h) trans- 1,6- Dimethylcyelohexane 



Structural Isomerism and Geometric Isomerism jSees. 2.3, 2,16] 

2.4 Draw the indicated number of structural isomers of compounds for each molecular 
formula. 

1*1 iaomers) 0>) C 2 H 7 N (two isomers) 

C (thre e isomers) (d) C,H 9 X {four isomers) 

(e) C,H S CI (four isomers) (f) C 3 H„BrCl (five isomers) 

lheie are seven isomeric dibromocyelohexanes, including as- trans isomers, having 
molecular formula C 0 H 10 Br u . Draw the structures of the seven compounds, using 
condensed formulas for the rings. 

For each group of structures, identify the structural isomers, the geometric iso- 
mors, and the structures that represent the same compound. 



2.5 



2.6 



CH., 



CH, 



CH 2 CH 3 



(a) CH 3 CH 2 CH 2 <pHCH 3 (i): CH s CH 2 CIICH, (ii); CH 3 CHCH, 
CH 3 CH, 



<iii) 



CH,, — CIL 

l|* 

(b) CH 2 — CH— CH 3 (i); 



CH, 



CH o— CH— CH-CH, 



CH 3 — CH — CH,, 

I I 

(ii); CH., -CH 2 (iii) 




C I I 3 C H.,C H 2 C H.,C H 2 C H ,Rr (iv) 



- 




— ~ Four possible isomers can be obtained upon mono chlorination of 2,2,4 -trimethyl- 
pentane. Draw partially condensed formulas for each of these compounds and 
name each isomer according to the TUPAC system. 

C :.§5e$ of Carbons and Hydrogens [Sec, 2.4] 

— H P W mah y and 4"' carbons and hydrogens (if any) are there in 2,2,4- 

trimethylpentane (the alkane with an octane rating of 100)? 

: * ^ical Properties of Alkanes [Sec, 2,8] 

L t Without referring to tables, arrange each series of compounds in order of increas- 
ing boiling point. 

(a) n-Pentane; n -hexane, n-butane 

(b) n- Hexane; ra-pentane, 2-methylpentane 

(c) Ti-Octane; 2,2,3-trimethylpcntane, 2-methylheptane 

Reactions of Alkanes and Cycloalkanes [Secs. 2.11-2.16] 

110 Complete each of the following reactions by writing the structure of the product. If 
no reaction occurs, state so. 



(a) CH 3 (CH 2 ) S CH 3 



combustion 




- ii D raw structures for all possible inonochlorinated and polychlorinated compounds 
that can be formed upon chlorination of ethane. 

, 12 B rumination of ethane proceeds by the same mechanism as chlorination of ethane. 
Give the complete mechanism for the reaction, showing the initiation, propaga- 
tion, and termination steps. 

2,13 Isomeric compounds can sometimes be distinguished by observing the number of 
inonochlorinated compounds that each one forms. 

(a) If a compound forms three monochloro compounds, is it rc-pentane or 2-metlv 
ylbutane? 
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Saturated 
Hy drocar bon s : 
Alkanes 



(b) dimeSbutMl? f ° rmS thrCe m ° n0Chlor0 COnlpounds ’ » ^ "-hexane or 2.3- 

com pounds t h a t% an^fofmed upon brom^V^ 1 pOSSible tn onobiominated 
2.15 In the chlorination of rtSc OhlTr" of n.ethylcyclopentane. 

the following experimental condffion^ Z vlV 7® ^ * C a H * CL Which one c; ' 
chlorinated product? Exp lam wf ly “ ^ t0 elVe the best *ield of mono- 



(n) C e H 6 Cl 2 

(O c 2 h 6 



uv light ' 

■1“ Cl s ( excess) 



(b) C 2 H e + Cl 2 _ 

darlt, room temp 

(d) C £ H 6 ( excess) + C1 E 



uv light - v, ■ , , — E — — - 

2 ’“ 

2.17 The heat of combustion of a TtSS^W ch of ethane. 

alkane has undergone complete combustion? ““ “ 650 ( ±5) kcal/,no]e - Which 




Hydrocarbons I: 
Alkenes 




In Chapter 2 we discussed the chemistry of alkanes, the saturated hydrocar- 
tar.' Many hydrocarbons contain fewer hydrogens than do alkanes having the 
k= - number of carbon atoms. Because these compounds are deficient in hydro- 
eel we say that they are unsaturated, Unsaturated hydrocarbons must con- 
"S— - Jtiple bonds between carbon atoms* One family, distinguished by the 
of a carbon-carbon double bond, is called the alkenes or olefins and 
wm -C general formula A second class of compounds, the alkynes, is 

i_~±_;erized by the presence of a carbon -carbon triple bond * The general for- 
■ -if alkynes is C n ii^ n _ 2a Dienes are unsaturated hydrocarbons that contain 
arbon- carbon double bonds. Polyenes are unsaturated hydrocarbons that 
m c m ±i7i more than two carbon -carbon double bonds. 

Tnis chapter treats the alkenes. The alkynes, dienes, and polyenes are dis- 
■sed in Chapter 4. 



Nomenclature of Alkenes 



3.1 



The simplest members of the alkene series { C 2 and C 3 ) are usually called by 
i -r common names, which are derived from the corresponding alkanes by re- 
jig the - ane ending by -ylene. Larger alkenes are usually called by their 
t A C names. Except for a few additions, the IUPAC rules for naming alkenes 
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U ns tttu rated 
Hydrocarbons l: 
Alkmes 



sF 



\ 



are similar to those used for naming aLkanes, Briefly, the rules are 

1. The longest continuous carbon chain containing the double bond is selected 
as the parent chain. 

2. The name of the parent carbon chain is obtained by replacing the - ewe ending 
of the corresponding alkane by -me. 

3. The parent carbon chain is numbered in a manner that will give the/doubly 
bonded, carbon atoms the.Jo.west numbers ' even if it results in the substitu- 
ents getting higher numbers. ^ 

4. The position of the double bond is indicated by the number of the lower- 
numbered doubly bonded carbon. 

5. In cycloalkenes, the double bond is always found between carbon 1 and car- 
v bon 2. It is therefore not necessary to specify the position of the double bond 

with a number. If substituents are present, the ring must be numbered, start- 
ing from the double bond, in the direction that gives the substituents the 
lowest number(s). 

Thus, 



e/lj 



cHy- G 



M 



Common name: 
I UP AC name: 



ch 2 =ch 2 

Ethylene 

Ethenc 






Wu- 



cii 3 ch £ ch=ch 2 

1 -Butene 
(?iof 3- Butene) 



CH a CH— CHg 

Propylene 

Propane 

J? 

ch 3 ch— chch 3 

2- Butene 



ch 3 

CH 3 CHCH 2 CH=CH 2 

4- Me thy 1-QLS-p entene 
( not 2- Methyl- 4-pentene) 



W 



-ipec.r Ctl to c ) Vtojjj 

pmpJ e 







to v ’ 



3-MethylcycIohexene 
( n ot 1-M ethyl-2 - cy cl ohexene ) 



Cl 



oh 3 ch; 



‘ i^'i; . - . 

3-Chloro-4 -ethy Icyelobutene 
(no f 1 - Chloro -2 -e thy 1-3-cy clob u tene ) 



rH ^ eP ' cJ 
2 1 



Compoimds derived from ethylene and propylene are occasionallv given 
special names. The CH 2 =CH- group is called the vinyl group, and 
CH 2 — CHCH 2 — is called the allyl group. 



(1 at iltyl a 



Qvtrup )> 



Common name: 
IUPAC name; 



„\J>< 



, c^'' t " 

to v 

CH £ =CH— Br CH 2 =CHCH 2 — Cl 




CIT=CH„ 



Vinyl bromide . 
Bromoethene 



Allyl chloride 
3-Cldoro-l -propene 



Vinyl cyclohexane 
Cy ciohexy le then e 



To reinforce the rules of nomenclature let us work out a simple example. 



Example 3.1 Write the structural formula of 3,5-dimethyl-4-isopropyl-2- 
octene. 
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v lui ion (1) The parent carbon chain is an oetene, and the double bond is 
i"ed between the second and third carbons. Write the parent carbon 
& . n without bothering vet with the Hydrogen atoms, 

c=c— c— c— c-c— c 

12345678 



I Two methyl groups are attached on the parent carbon chain, one on 
:srtx>n 3 and the other on carbon 5* 

CH- CHo 

i i 

c=c— c— c— c— c— c 

:23456?8 



An isopropyl group is attached on carbon 4. 

CH, CH, 

I I 

c=c— c— c— c— c— c 
1 

CH 

/\ 

ch 3 ch 3 

4 Put in the missing hydrogens to get the correct structure. 



CH, 



CH, 



:h 3 — CH=C — CH — CH — ch 2 — ch 2 — ch 3 

CH 

/\ 



CH, CH, 



: : ; :lem 3.1 Write the structural formulas for these compounds. 

_ -Methyl-2 -butene 
-4 4.5-Dimethyl-3-isopropyl-2-hexene 
. ■ 2 - Cliloro-4-methy 1-2- pentene 
- 3 - B r om o- 2 - chloro- 3 -methyl- 1 -pen ten e 
e| 1 T 3-Dim ethyl cyclohexene 
f| l-Bromo“3-chlorocyclobutene 



Pr :blem 3*2 Name the following compounds. 



/• I 

CH, ' 



CH, 



P 1 '- 



«a) CH 3 CH 2 — C— CH=CH— C— CH 2 CH s . gjW % 

Et s* — — — ’ \ / 



CH, 



ch 2 

CH, 

i 

CH, 



LI Nomciicl EiturE of 
Aikenes 
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Gnsatu^sited 
Hydrocarbon 6 I: 
Alkenes 



ch,ch 3 

\ V 3 

CH 



CHo 



(b) CH 3 CH 2 — €=CHCH 2 — C — CH,. 

CII 3 — C— CH 3 

ch 3 

F 

(d) CH 3 CH 2 CH=CHCH-C-CH, 

I I 3 

Br F 



CH, 

I 

ch 3 ch 2 

I I 

(c) CH 3 C=C — CH 2 CH 2 CH — CH 3 
Br 




(f) 




(g) 




ch 2 ch=ch 2 



Problem 3.3 The names in this list are incorrect. Give the correct name and 
structure for each compound listed. 

(a) 2 ,2 -Dimethyl -4 -pentene (b) 4, 5-Dimethyl- 2-isopropyl-2-hexene 

(c) 4 -n-B utyl -5- he xene (d) 2-Chloro-6-methylcyclohexene 

(e) 1 , 2 -Dimethyl- 3-cy clopentene 



Now that we know how to recognize and name alkenes. let us look into how 
a carbon-carbon double bond is formed, and also into its geometry. 



3.2 



Geometry of the Carbon- Carbon Double Bond: 
sp 2 Hybridization 



. bi alkanes carbon is always honded to four atoms. As a consequence the 
singly honded carbon uses ^hybridized orbitals that are directed toward the 
corners of a regular tetrahedron. In alkenes, on the other hand, the doubly 
ended carbon is always attached to only three other atoms. As a consequence, 
the doubly bonded carbon must use a different kind of hybridization and must 
assume a different shape. Let us look at the type of hybrid orbitals in and the 
shape ol the simplest alkene, ethylene. In ethylene the carbons arc sp- hybrid- 
!zed Cie and*p characteristics). These orbitals are formed in the following man- 
ner. As with sp hybridization (Sec. 1.10), the ground-state carbon proceeds to 
its excited state, but this time the 2s orbital and only two of the three 2 \p orbitals 

• n a e ' 3 tie , r< L sll t 13 threc equivalent sp 2 hybrid orbitals and one unhvbrid- 
ized 2/; orbital (Fig. 3.1). The three sp 2 orbitals get as far awav from each other 
as possible by assuming a planar arrangement with an angle of 120" between the 
ybnd orbitals. This type of arrangement is also known as trigonal planar geom- 

6 ? ' ^“annn g unhy bn di zed 2p orbital is perpendicular to the plane of the 

sp- orbitals (Fig. 3.2). 
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* t t 

2Pl 2pJ 2 pi 



\ 



3.2 Geometry of the 



Car bon - Carbon 
Double Bond: sp z 



fcagy 



il 

2s 2 



2p} 2p z 




hybridisation uiu, ‘ d «' 




Hybridization 



11 

Is 2 



ii 

Is 2 



11 

Is 2 



-:aire 3*1 Formation of three sp 2 hybrid orbitals by (a) promotion of ground state 
^_-bon to excited state carbon followed by (b) hybridisation of the 2s orbital with the 
— and 2 orbitals. The 2 \p g orbital remains unhybridized. 

Each trigonal carbon of ethylene overlaps two of its sp 2 orbitals with the 5 
roitals of two hydrogen atoms forming sp 2 -s u (sigma) bonds (shown by heavy 
and dotted lines in Fig* 3.3). The two carbons are connected by the end-on 
erlap of the remaining third sp 2 orbitals forming an sp 2 -sp 2 o bond. Now each 
rarbon still has a 2 \p z orbital containing one electron. These 2 p x orbitals, located 
above and below the plane of the six atoms, are capable of a new kind of overlap 



Fijpire 3*2 (a) Hybridization of 2s and 2p x and 2 \p, { orbitals to form (b) three planar 
-hybridized orbitals with bond angles of 120° and a 2 \p & orbital perpendicular to the 
plane. 




~ — v 

Hybrid Nation 



(b) 




,2 




w bond ethylene 

Figure 3.3 End-on overlap of two sp 2 orbitals to form a a bond between the two 
carbons of ethylene and side-side overlap of the orbitals to form a tt bond. 



called side-side overlap. The bond formed in this sidewise overlap is called a tt 
( pi) bond. Thus the tw T o carbons of ethylene are attached together by an sp 2 -sp 2 
o bond and a tt bond (from 2p-2p x overlap) resulting in a carbon-carbon double 
bond (C=CJb The tt bond, a weaker bond than the a bond (65 kcal/mole vs 
83 kcal/mole), is the one that breaks in the course of a chemical reaction. The 
formation of these bonds is illustrated in Figure 3.3. 

The carbon-carbon double bondj shown in Figure 3.3, accounts for several 
properties of alkenes. First, the carbon -carbon double bond is shorter by about 
0.2 A than the carbon-carbon single bond because two pairs oi electrons pull the 
two nuclei closer together than does only one pair. 



\ 

/ 



C— C 



/ 

\ 











■ V'v 

t/ *0 



1.34 A 



1.54 A & r 



Second, the high electron density due to the pair of electrons in the tt bond 
explains the ^a efivity^ f alkenes (Sec. 3.12). 5 ,, : . 

Third, rotation about a carbon-carbon double bond is restricted because 
rotation of one carbon with respect to the other requires that the tt bond be 
bioken (see Fig. 3.4). Ordinarily this does not occur unless sufficient energy 
(about 65 kcal/mole) is supplied to the molecule in the form of heat or ultravio 
let radiation. 

Fourth, restricted rotation about the carbon- carbon double bond requires 




Figure 3.4 Rotation of one carbon with respect to the other diminishes the overlap of 
their 2 p z orbitals to the extent that if rotation is allowed to proceed to a full 90° the tt 
bond w ould break. 







- - - - :he two carbon atoms and the four other atoms attached to them lie in the 
e plane* 
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3*3 Geometric 
Isomerism in Alfcenes 



Finally, the restricted rotation about the carbon- carbon double bond and 
jfc- planar geometry that results from it give rise to a type of isomerism, geomet- 
sm isomerism, which is discussed m the next section. 



Geometric Isomerism in Alkenes 



3.3 



Alkenes of the type WXC=CYZ, where W differs from X and Y from Z, can 
as geometric isomers. This type of isomerism was encountered earlier in 
“section with cycloalkanes (Sec. 2.16)* In cycloalkane s geometric i somerism is 
restricted rotation about- the car bon -carbon single bo nd in a ri n g. In 
es geometric isomerism is due to .hindered rotation about, the^carbon-car- 
t double bond* > ' /, S: 

W \ / Y x \ / Y 

c=c x /C =C X 

X z w z 

Geometric isomers 

When two simi Ingroups _are .on the same siTe^ohtbe do ubl e bond, the com- 
[ is called the ci& isomer- when they are on the opposite sides of the double 
, the compound is called the JmiW.. isomer. For example, 

CH,. ,CH,b ChA- ... H 

C=c.< A r 



3 \ / 

/ c=c v 



H 



H 






\ 



CH 



3 



cz>-2- Butene trans-2- Butene 

»mp = -1TCTC; bp = 3.7*0) , r ^ (nip = -106*0; bp = 0.0* C) 



H \ / H 

c=c x 

Br Cl 



W $ 

tf) ^ 






S 






B \ / H 

/ c=c \ 

H Cl 



•v- 



, J Q <*' r. 



t-M -Bromo -2-chloroethtne 



tram- 1- Bro mo -2 - chloioethene 



Geometric isomers differ from one another only in the way in which the 
L-; raiments are arranged in space relative to the plane of the C=C bond* Since 
' ht; can be in tercon verted only by the breaking and making of bonds, cis and 
fens isomers are stable molecules capable of independent existence. They have 
physical properties and can be separated by fractional crystallization or 
tion. Geometric isomers have similar chemical properties, since they are 
hers of the same class of organic compounds. If two identical groups are 
bed to any one of the doubly bonded carbons (W — X or Y = Z), geometric 
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Un saturated 
Hydrocarbons I: 
Alkeues 



isomerism is not possible. For example, the following compounds have no geo- 
metric isomers* 



CH 



z C=C \ 

H 

Propene 



ch Sx ch 3 

/ c - c x 

ch 3 h 

3-Methyl -2- butene 



CH, 



Cl 



S\ /' 
/ C=C X 

H Cl 

1,1-DichIoropropene 



Problem 3.4 Which of the following compounds can exist as cis-trans isomers? 
Draw the structures of the geometric isomers. 

(a) CH 2 =CHCH 2 CH 3 CH 3 (b) CH 3 CR 2 CH=CCH 3 CH 3 

CH, 

(c) CH 3 CH 2 CH— CHCH 2 CH :j (d) CH 3 CH 2 CH=CBr 2 



Problem. 3.5 Draw the structures of the following compounds, 
(a) fraras-4-Octene (b) cis- 1,2-Dichloropropene 

(c) £ra;is-3-Methyb2-pentene (d) cis-3,4-Dibromocvclopentenc 



For alkcnes with four different substituents such as T ' \i • jT 



Cl CH, 

/ C=C \ 

F H 

(I) 



or C=C^ 

Cl Hi 

(II) 












\ 



the terms cis and tram are ambiguous for distinguishing the two geometric 
isomers* As a result, another system, the E,Z system^ has been devised to de- 
scribe such compounds unambiguously* 

Basically, the E,Z system works as follows. Arrange the groups on each 
carbon of the C=C bond in order .of. priority* The priority depends on atomic 
number: the higher the atomic number of the atom directly attached to the” 
double-bonded carbon, the higher the priority. 

Thus, in structure (I). the priority at one end of the C=C bond is Cl > F, 
and at the other end the priority is CH 3 i> H* If the two groups of higher priority 
are on the same side of the C=C plane; the isomer is labeled Z (from the German 
zusammeh, together)* If the two groups of higher priority life on opposite sides of 
£“ e plane, the isomer Is labeled E (from the German entgegen, opposite). 
Thus* for I and II we have 






Cl 



F 



:c=c: 



/ 



Priority: Cl > F, CH S > H 
CH, F 



X H 



\ / CH * 

/ C=C \ 

Cl H 



1 - Chloro- 1- fl u oi opr o p ene 
CC1 and CH S on same side) 



E - 1 -Chloro- 1 -flu oropropene 
(Cl and CH3 on opposite sides) 
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~zzker examples are 

Priority: Br > II, I > CPI3 

Br I 

\ / 

c=r 

/ \ 

H CH 3 

Z- 1 -Br om o-2-iodopropene 



Prioritv: Br > H, Cl > F 

B \ / 

/ c=c \ 

H Cl 

B' i -Bromo -2-chloro-2- flu oroetliene 



*i.& Preparation of 
Alkenes 



_-t :blem Name the following compounds using the E,Z nomenclature. 



^ p 

/ c=c \, 

“* ,V 



(b) 



Br, 



C=C 



/ 

\ 



Cl 

F 



' ; 

The E,Z system is less ambiguous and more versatile than the cis-trans 
&?zem and is being used more and more in the literature. Nevertheless, cis and 
— ns have been in common use for so many years that they are unlikely to 
zrsappear. 



Physical Properties of Alkenes 3*4 



In general, the physical properties of alkenes are much the same as those of 
: .^responding alkanes. At room temperature the C h ta C 4 alke nes axe gases; the 
to C 1R alkenes are liquids, and those above C 18 are solids. 

Like alkanes, alkenes axe insoluble in, water and soluble in nonpolar organic 
solvents such as benzene or in carbon tetrachloride. 



Preparation of Alkenes 



3.5 



Alkenes are prepared in the laboratory by one of two general methods, each 
: which involves the elimin ation of an atom or group of atoms from adjacent 
rrbons and the subsequent formation of a carbon-carbon double bond. 



II \ / 

-C-C- > + AB 

A B 



(A = II or halogen; B = OH or 
halogen) 



The two preparative methods are briefly illustrated here and discussed in 
zreater detail in the sections that follow. 
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■ ' An : aleohoJ' 



M aliens ; 



, ■>■ • • ■ - • . 

. 

... 




An alky) 



Analkrf haKde' An. alfcene 









3.6 



Dehydration of Alcohols 



When an alcohol is heated in the presence, of a mineral, acid ..catalyst, it 
readily loses a molecule of water to give an alkene. The acid catalysts most 
commonly used are sulfuric acid, H 2 S0 4 , and phosphoric acid, H 3 P0 4 ^ In these 
equations iHt represents the acid catalyst and A represents the heat applied. 

CH 2 -CH, - 21 * CH 2 =CH 2 + H 2 0 
H OH 

TUPAC name: Ethanol Ethene 

Common name: Ethyl alcohol Ethylene 



ch 3 c-ch 2 ch 3 ch=ch, + H,0 

A i H 



TUPAC name: 1- Pro panel 

Common name: Propyl alcohol 



Propene 

Propylene 




1UPAC name: Cyclohexane! Cyclohexene 

Common name: Cyclohexyl alcohol 



Problem 3.7 Write the structure of the product of the dehydration of each of 
the following alcohols. 



CH, 

I 

<a) CH,-0— OH — 

J a 

CH, 




Which Alkene Predominates? Saytzeff’s Rule 3*7 

The examples of dehydration of alcohols discussed in the previous section 
: i-ced a single alkene as the possible product. Suppose, however, that the loss 
i ' - iter from adjacent carbon atoms can give rise to more than one alkene, as in 
\ dehydration of 2-butanol. 



ch 3 ch 2 chch 3 

OH 



-> ch 3 ch 2 ch=ch, + H 2 0 



1- Butene 



CII 3 CII— CHCH 3 + h 2 o 



2 “Butene q. 



^ --ch alkene predominates, 1-butene or 2-butene? A generalization known as 
6«ytzefFs rule applies: In eve ry ins tance in which more than one alkene can be 
id, the major product is always the alkene with the most alkyl substituents 
xrr ached, on the double bonded carbons 

Applying SaytzefF’s rule to the dehydration of 2-butanol enables us 
predict that 2-butene, with two alkyl substituents attached to C=C, is 
- major product, and 1-butene, with only one alkyl group, is the minor 
- ' uuct. (Bear in mind that application of Saytzeff’s rule requires you to count 
number of alkyl groups bonded to C= C; the size of the alkyl, group is 
— material.) 



problem 3.8 Give the major and minor products of the dehydration of 



ch 3 ch 2 ch 2 chch 3 

OH 



(b) VpH 

CH, 



Now that you have seen examples of the dehydration of some specific alco- 
i Is. let us look into the mechanism of the reaction. 



Mechanism of Dehydration of Alcohols 3.8 



The dehydration of alcohols involves a carbocation, a reaction intermedi- 
ary mentioned earlier in Section 2.10. A carbocation is a highly reactive, unstable 
uiermediate in which the carbon carries a positive charge. Once formed, carbo- 
n-ions do not persist for any length of time. Then- lack of stability causes them 
s: quickly react further to form uncharged products. When the reaction is the 
:;~ydration of an alcohol, the uncharged product is an alkene. 



69 



70 



Un Saturated 
Hydrocarbons I; 
Alkencs 



The mechanism of dehydration basically involves the following steps.* 

Step I- Protonation of the alcohol: The proton of the acid catalyst is trans- 
ferred to the oxygen atom, which functions as a Lewis base. This step is identical 
to the protonation of water to form hydronium ions. 



! I 

c— e— + h + 
I I 
H : OH 




H + : OH 



H 



Step 2. Formation of a carbocation: The highly electronegative oxygen atom 
pulls electrons away from carbon, breaking the bond. A water molecule is re- 
leased, and a carbocation with its positively charged carbon is generated. 



4 - 

H + :<Jh 



! 

-C- 



H 



1 1 

— C-C— + H,p 
H 



Step 3 , Loss of a proton from the carbocation regenerates the acid catalyst and 
simultaneously forms the alkene. 

-'ph — >-< + H< - 

LI 

An alkene 



Problem 3.9 Write the mechanism for the dehydration of 1 -propanol to pro- 
pen e. 

CH 3 CH 2 CH £ OH CH 3 CH=CH 2 + H 2 0 

1-Propanol Propene 



3.9 



Classes of Carbocations and Ease of 
Dehydration of Alcohols 



In the previous section it was established that the dehydration of alcohol- 
involves a carbocation intermediate. Carbocations are classified as primary (1 = ). 
secondary (2°), or tertiary (3°) according to the number of carbon atoms at- 
tached to the positively charged carbon. 

* To be consistent with the convention adopted in Section 2.10, a curved double- 
headed arrow is used to indicate the making or breaking of a bond involving a pair 
of electrons. In writing mechanisms that involve movements of a pair of electrons, the 
curved arrow always goes from the electron- rich to the electron -deficient atom. 
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R — CH 2 

it-- Ife-V 

: zarbocation 



B^C^H 

-e) ; - 

: 

2" carbocation 



R— C— R 

h 

3' c a rb ooation 



The ease of formation and the stabilities of carbocations follow the order 

3 ° > 2 * > 1 ° 



Ease of formation and stabilities of carbocations 



in a reaction that involves the formation of a carbocation intermediate, 
— ore stable tertiarxxarhaeation is the more easily formed. This means that 
t_ comparing the relative rates of dehydration among alcohols, we can expect 
li-rrlaiy alcohol (one in which the C — OH group is directly attached to three 
to react faster than a secondary alcohol {one m winch the C — OH is 
to two carbons), and the latter faster than a primary alcohol (one in 
rhe C — OH is attached to one carbon)* 

R R H 

\ 1 I 

R— C— OH > R—C — OH > R— C— OH 

I ' I 

R H H 

3' alcohol 2° alcohol l n alcohol 



Ease of dehydration or rate of dehydration 

The expectation is borne out by the fact that tertiary alcohols often un- 
- 4 dehydration upon treatment with dilute acid at room temperature, 
as concentrated acid and elevated temperatures are usually required to 
■vert primary alcohols into alkenes. 



Problem 3.10 Arrange these carbocations in order of increasing stabilities. 

CPI., 



CH 3 CHCH 2 CH 3 




ch 3 ch 2 ch 2 



(iii) 



Problem 3.11 Arrange these alcohols in order of ease of dehydration. 

OH 



CH 3 CH 2 OH 



(i) 



OH 

I 

CH,CCH a CH s 



v 

(ii) 




(iii) 



a. 9 Classes of 
Carbocations and 
Ease of Dehydration 
of Alcohols 
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Before discussing the second method of preparing alkenes, let us summarize 
what you have learned thus far in the first method of preparation, the dehydra- 
tion of alcohols. c . \ P 

■■■ ^ 

_ 

1* The dehydration of alcohols requires an ! ,acid cata lyst . 

2. The predominant alkene formed follows Saytzeffs rule, which states that the 
major product is the alkene with the most alkyl substituents attached on the 
double-bonded carbons* 

The reaction proceeds via a carbocation intermediate. 

4. The stabilities of carbocations and the ease of dehydration of alcohols follows 
the order 3° > 2* > l c . 



3.10 Dehydrohalogenation of Alkyl Halides 

Alkenes can also be prepared under alkaline conditions, in which case an 
alkyl halide, RX ? is required as the starting material Thus, heating an alkyl 
halide with a solution of potassium hydroxide, KOH, in alcohol, yields an alkene. 
This reaction is known as dehydrohalogenation because it involves the elimi- 
nation of H and of X from adjacent carbon atoms. 



— €— C— + KOH \=c( + KX + H.,0 

heat / \ z 

H X 



An alkyl halide 



An alkene 



As with the dehydration of an alcohol, the dehydrohalogenation of an alkyl 
halide may r form more than one alkene. In such case Saytzeff’s rule again ap- 
plies; that is...the alkene ...with the most alkyl substituents on the double-bonded 
carbons predominates. For example, 



H Br H 

I I I 

CH 3 CH— CH-CH 2 + KOH 

2-Bromobu.tane 






V A 



alcohol 

> 

heat 



ch 5 ch=chch, + ch 3 ch 2 ch=ch 2 



2-Butene 
(major product) 
(81%) 



1-Butene 
(minor product) 
(19%) 




alcohol 



heat 




1 -Me thy Icy clohexen e 
(major product) 




3- M ethylcy c lohexene 
(minor product) 



Problem 3*12 Give the structure of the major and minor products of the 
dehydrohalogenation of 
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ch 2 — ch— ch. 



1,12 Additions to 
the CiirboTi -Carbon 



The mechanisms of dehydrohalogenation depend on the type of alkyl halide 
_=ed (whether 1% 2°, or 3° alkyl halide). They are discussed in Chapter 8, 



All alkenes contain a carbon-carbon double bond, and all except ethylene 
i Iso contain a saturated alkyl chain as part of the molecule. The chemistry of 
iikenes can therefore be divided into two general types of reactions: (1) addition 
: -.actions that involve the carbon- carbon double bond and (2) substitution reac- 
tions that usually involve the saturated alkyl chain. Let us first examine the 
arious kinds of addition reactions. 



The typical reaction 9I' alkenes is addition to the C=C group. An addition 
reaction is onem which' a i reagent, A— B, adds across the double bond to give a 
saturated product that contains all the atoms of both reactants. 



The addition reactions we will encounter in tills chapter are summarized as 
follows. 



Reactions of Alkenes 3.11 



Additions to the Carbon- Carbon Double Bond 3.12 



)C=C^ + A B 
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3.13 



Addition of Hydrogen: Catalytic Hydrogenation 



The carb on-carbon double bond of alkenes can add a mole of hydrogen in 
the presence of suitable catalysts to give an alkane. This method, called the 
catalytic hydrogenation of alkenes, is carried out as follows. The alkene is 
dissolved in a suitable solvent in the presence of finely divided platinum (Pt), 
nickel (Ni), or palladium (Pd) catalyst* Hydrogen gas is then bubbled at low 
pressure into the reaction vessel with constant stirring. The yield of alkane by 
this method is quite good. 



General equation 
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catalyst 



-f-? 



3.14 Addition of 
Halogens: 
Halogen&tion 



H H 



An alkene 



An alkane 



Sp ecific exa mp les 



ch 3 =ch 2 + h 2 

Ethylene 



Pt 



CH3CH3 



Ethane 



ch 3 ch z ch k ch 2 ch=ch 3 + h 2 



Ni 



- ch 3 ch 2 ch 2 ch 2 ch 2 ch. 



1-Hexene 



Hexane 



Hydrogenation has i mport a nt industrial applicatim^ 

■ z h - 0 c t aniL.au tom chile and aviation fuels and in the preparation of synthetic 
feergents. The reaction can also be used to analyze the extent of unsaturation 
e a molecule. 



"Alien an alkene is treated at room temperature with a solution of bromine ..... 
r nhmne.itixarbon tefxachloriie or some other inert solvent, the halogen adds 
apadly to the double bond of the alhene to give the corresponding vicinal diha- 
(two halogens attached to adjacent carbons), 

I-i^eral equation 



Iodine is too unreactive and will not add to the double bond of an alkene* 



Addition of Halogens: Halogenation 3.14 



/ CC1 

C=C + X,-S^-> — C— C— (X = Cl or Br) 

\ i |l 





Propene 



1 , 2 - Dichlor 0 propane 






Cyclobutene 



1 ,2 - Dibiomocy cl obn ta ne 
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The addition of bromine to an alkene is useful as a practical test for detect- 
ing unsaturation (see Sec. 3.22). 

The addition of halogens to an alkene proceeds by a mechanism similar to 
(hut somewhat more complicated than) the addition of acids discussed in the 
nest sections. 



Problem 3.13 Write the structure of the product expected from the reaction at 
room temperature of (a) 2-butenc with Br 2 in CC1 4 and (b) cyclohexene with Cl, 
in CCL. 2 



3.15 Electrophilic Addition to Alkenes: 
Addition of Acids 



The next few reactions of alkenes to he discussed involve the addition to the 
double bond of reagents whose general formulas are represented by the symbol 
may be h ~v*ogen halides (H^Cl, H Br, H^I), sulfuric acid 
(H OSO 3 H), or water (H OH). The addition of all these reagents to the dou- 
ble bond follows the same mechanism. For this reason, the general mechanism of 
their addition will be discussed before their specific reactions are given. 

Hydrogen halides, sulfuric acid, and water all contain an ionizable hydro- 
gen, 

H— A H+ + A ; - 

ihc positively charged hydrogen ion is an electron -deficient species. Any elec- 
tion-deficient species is called an electrophile ^ and any electron-rich species is 
called a nucleophile. The addition of H A to an alkene is believed to be a 
two-step process. 



Step 1 . The hydrogen ion (the electrophile) attacks the tt electrons of the 
alkene, forming a C— II bond and a carbocatlon. 



\ 

/ 



c4( + hA 




+ a : - 



FI 



Step 2. The negatively charged species A : - (a nucleophile) attacks the carbo- 
cation and forms a new C— A bond. 




-A- 



-> — C -C— 

1 I 

H A 



Ihc formation of the carbocation in step 1 is the more dijdicu.lt and conse- 
quently^ the slower' step in the mechanism. The slowest step in any reaction 
mechanism is called the rate-determining step. The type of reaction just de- 
scribed, which involves the attack by an electrophilic reagent on the tt electrons, 
tails in a general category called electrophilic addition reactions. 

Now that you have seen the general mechanism of electrophilic addition, 
some specific examples will be discussed. 



Addition of Hydrogen Halides 3.16 



Alkenes react with hydrogen chloride, HC1, hydrogen bromide, HBr, and 
ivdrogen iodide, HL to form alkyl halides, RX< This reaction is also known as 
-ydrohaiogenation (in contrast to dehydrohalo genation) because H and X are 
tdded to the double-bonded carbons. 



General equation 

^C=y + H— X > — C— C— (X = Cl, Br, or I) 

H X 



specific examples 

CH 2 =CH 2 + H — Cl > CH 3 CH 3 C1 

Ethene Chloroethana 

Br 

I 



CH 3 CH=CHCH, + H— Br » CH 3 CH 2 CHCH 3 



VMVli, 

2 -Butene 



2-Rvornobutane 
1 



X 




+ H — I 




Cyclopentene 



Iodocyclopentane 



Problem 3*14 Write the mechanism of the addition of HC1 to ethene. 



Markov nikov’s Rule 3.17 



When hydrogen halide is added to a symmetrical alkene such as RCH— CHR, 
here is only one possible product because the two double-bonded carbons are 
jqmvalent This is illustrated by the reaction of 2 -butene with HBr. 



CH 3 — CH— CH— CH 3 + H— Br > 



2 -Butene 

(a symmetrical alkene) 



I 

x.v- V x 



H Br 



m : — CH— CH— CH 3 



2-Bromobutane 
(only one product possible) 



Vith luisyminetrical alkenes, however, such as those of the type RCH=CHR' 
R 7^ R), the possibility exists for the hydrogen halide to add in two ways and 
Xus give two isomeric products. The addition of HBr to propene, for example, 
old yield 1-bromopropanej 2-bromopropane, or both. 
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Br 



CH,CH=CH 2 + HBr 



2-Bromopropane 
(major product) 



Propene 

(an ^symmetrical 
alkene) 



CH 3 CH 2 CH 2 Br 



2 ^ti 2 or : ^ 



1-Bromopxopane 
(minor product) 



o propane g 

product) S* 



Statistically, the two products should be formed in equal amounts. In fac t v the 
major product is 2-bromo propane. Based on the results of many observations of 
alkene reactions, the Russian chemist Vladimir Markovnikov in 1869 summa- 
rized his findings in a statement now known as Markovnikov’s rule: In electro- 
philic addition of H — X to unsymmetrical alkenes the hydrogen of the hydrogen 
Tialide adds to the double- bonded carbon that bears the greater number of hy- 
drogen atoms and the negative halide ion qdds to the other- douMelfonded 
carbon. 

According to this rule, the addition of HC1 to 2-methylpropene, for example, 
yields 2-chloro-2-methylpropane as the major product and l-chloro-2-methyh 
propane as the minor product. 



In some u as ymm etrical alkenes the two double-bonded carbons may be 
equivalent (may contain the same number of hydrogen atoms), but the addition 
of H — X still gives two possible products. In such cases an approximately equi- 
molar mixture of the two possible addition products is obtained. For example, 
the addition of HC1 to 2 -pen tene yields an equal mixture of 2 -chi or open tane and 
3 -chi or o pentan e . 





2-ChIoro-2- methylpropane 
(major product) 



1 -Chloro-2 - methylpropane 
(minor product) 



01 

I 




CH 3 CH 2 CH=CHCH 3 + HC1 > 



ch 3 ch 2 ch 2 chch, + 



:HCH 2 CH 3 



2-Pen tone 

(an unsymmetricai alkcnc 
with equivalent 
double-bonded carbons) 



2-Chlor open tane 



Equimolar mixture 



3-ChIoropentane 



3.18 Explanation for Markovnikov’s Rule 



The explanation for Markovnikov "s rule may be given in light of the general 
mechanism of electrophilic addition. The addition of HX to an alkene involves 
the formation of a carbocation intermediate. We should expect the more stable 



srbocation to be preferentially formed. Recall from Section 3.9 that the stabil- 
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ry of a carbocation follows the order 3° >2° >1°. 

Returning to the previous example of the addition of HBr to propene, we 
an see that two different carbocation intermediates are possible. The formation 
each depends on which double-bonded carbon the hydr ogen ion of HBr adds 
' - Addition of the hydrogen to C-2 gives a primary carbocation, and addition at 
f-I gives the more stable secondary carbocation. 



In modern terms Markovnikov’s rule can be restated: The addition of an 
mr. i -mmetrical reagent HX to an unsymmetrical alkene proceeds in such a, di- 
~i :iion as to produce the more stable carbocation. 



"Tobiem 3.15 Write the structures of the major products of the following reac- 



1'pon thorough mixing, cold concentrated sulfuric acid adds across the dou- 
bond of alkenes to give alkyl hydrogen sulfate. The general equation for this 
:ion is 



addition of H + to C-2 



-* ch 3 chch 2 

H 



CH 3 CH=CH 2 + HBr 



(less stable) 




CH 3 CHCH 3 



H 



Br 



2* carbocation 
(more stable) 



2-Bromopropane 
(a Markovnikuv 



product) 




cn 3 

CH, CH. 

II' 




: CH 3 CH,C=CCH 3 + HI 



Addition of Sulfuric Acid 




h oso 3 h 

I I 3 



An alkyl hydrogen sulfate 
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Addition of sulfuric acid to alkenes also follows Markovnikov’s rule, as illu 
trated in the reaction with propene. 



CH 3 CH=CH 2 + H,S0 4 

Propene 



oso 3 h 

■+ CH 3 d)H — CH 3 

Isopropyl hydrogen sulfate 



Problem 3,16 Write the mechanism of the addition of H 2 S0 4 to propene. 



Problem 3.17 Write the structure of the major product of the addition c 
H 2 S0 4 to (a) 1 -butene; (b) 2- butene; and (c) 1-methylcyclohexene. 



3.20 Addition of Water: Hydration 

When heated with water in the presence of an acid catalyst^ alkenes_yidi 
alcohols (ROH). The process is called hydration of alkenes because it involve 
the addition of water across the double bond. 

The addition of HOH across the double bond is in accordance ' wit 
Markovnikov's rule: The hydrogen goes t o. the ..do able, -bonded car bon that beai 
the greater number of hydrogen atoms and the hydroxvl ^roup goes tothe othd 
double-bonded carbon. 

OH 

CH a — CH=CH 2 + HOH CH-, — CH — CH 3 

Propene Isopropyl alcohol 

(rubbing alcohol) 



Problem 3.18 Write the structure of the major product of the hydration a 
(a) ethylene; (b) 1-butene; and (c) 1-methyleyclopentene. 



3.21 Addition of HOX: Halohydrin Formation 

When an alkene is treated with aqueous chlorine or aqueous bromine, mhi 
addition product is a halohydrin. (When Cl 2 is used, the product is J 
chlorohydrin- when Br 2 is used, the product is a bromohydrih.) 

ft. ^ , Cl 

\ / | [ 

C— C + C1 2J h 2 o — > — c— c— 

/ \ £ A II 

OH 



A chlorohydrin 



— 
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Br 

'C=cf + Br,, H,0 * — A— A— 

/ \ 25 2 i y 

OH 

A bromo hydrin 

The reaction proceeds as if hypochlorous acid, HO — Cl, or hypobromous 
^cid, HO — Br, were the adding reagent. The chloroniurn ion, Gl + , or bromonium 
:3n, Br + , is the electrophile ? .^nd the-hydro3t.ide ion, QH“, the nucleophile* Addi- 
tion of HOX also follows Markovnikov’s rule, as illustrated with propene* 

Oil Cl 

CH 3 — CH=CH 2 a * Hi ° > CH,— Ah— CH„ 

Propene Propylene cMorohydrin 

( 1-Chloro- 2 -propanol) 



Problem 3.19 Write the mechanism for the addition of HOC1 to propene. 



Problem 3,20 Write the structure of the major product expected on reaction of 
a) ethylene with aqueous chlorine; (b) I -butene with aqueous chlorine; (c) 2- 
methylpropene with aqueous bromine; and (d) 1-methylcydopentene with 
iqueous bromine. 



Visual Tests for Unsaturation 3.22 

The functional group of alkenes is the C^C bpn3. What simple visual test 
an we use to detect unsaturation? Of the reactions discussed so far the addition 
:f bromine is frequently used. Bromine itself is a dark red liquid, whereas both 
:he alkene and the addition product are colorless. Thus, to test whether a sub- 
s t Alice is an alkene, we add to it a solution of bromine in an inert solvent (CCl 4 h - 
If the substance is an alkene (or an alkyne), the bromine solution wilTbeTapidljT 
decolorized. 

;C=cf + Br, — A— A— 

/ \ || 

Br Br 

Alkene Bromine solution Vicinal dibromide 

(colorless) (dark red) (colorless) 

Another visual test for unsaturation is the Baeyer test. In this test, a 
dilute, alkaline solution of purple potassium permanganate, KMnQ 4r is added to 
m alkene (or alkyne) at room temperature. A glycol, a compound with two OH 
groups, and a brown precipitate of manganese dioxide, Mn0 2 , are formed. 



3.22 Visual Tests for 
Unsaturation 



82 

Un saturated 
Hydrocarbons I: 
Alkanes 



3.23 



\ s -cold, dilute, | | 

C=c + KMn0 4 ■■ alkdipe ) -C-C— + MnO, : ,| 

HO OH 

(liiirpie) A glycol (brown 

precipitate) 

Replacement of a purple-colored solution by a brown precipitate indicate 
positive Baeyer test- 

The addition oi H 2 SQ 4 to alkenes (or alkynes) is yet another visual test | 
unsaturation, Alkenes will dissolve in concentrated Ry8Q 4 , with evolution 
heat and form homogeneous mixtures. Alkanes do not i : eact with concentrai 
hL 2 bU 4 and will separate from the acid; two distinct layers form. A word 
caution: Other types of compounds also react with and dissolve in H 2 S0, (01 
gen -containing compounds, many nitrogen-containing compounds and soi 
aromatic compounds). 



Problem 3.21 Compound A, C c H 12 , gave the following results. 

(1) A + Rr 2 solution remains dark red 

(2) A + cold, concentrated H 2 S0 4 -> two distinct layers 

(3) A + dilute KMn0 4 > solution remains purple 

(4) A + Br 2 ^ > CgH n Br (a single isomer ) 

What is the structure of A? 



Ozonolysis 

When ozone-rich oxygen gas. is passed through a solution of an alkene di 
solved in an inert solvent, the carbon-carbon double bond is broken and £ 
ozomde is produced. Ozonides, like other compounds containing the peroxi: 
group O 0 , are quite unstably and may explode violently as 
unpredictably. Consequently, they are not isolated. 



>-< + 



0 



3 solvent 



Ozone 



—A— c— 

I \ 

V 

Unstable intermediate 



Y°y 

0-0 



An ojtonide 
(not isolated) 



Further addition of water in the presence of a zinc catalyst results in i‘n 
formation of two smaller products, each of which contains a carbonyl groin 
- at the Portion where the carbon-carbon double bond was. These produci 
H R 

may be aldehydes, R-O-O, or ketones, R-4=0, depending on the structu* 
of the starting alkene t 



Zn 



)c^o + o=c^ 

Aldehyde or ketone 
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Ozonolysis is a valuable degradaiive reaction, for it can be used to locate the 
“■coition of ^double bond o n the parent alkene chain. This is done by identifying 
:ze structure(s) of the product (s) obtained on treatment of an alkene with 
zzone. For example, suppose we wanted to know whether a given compound is 
I -butene or its isomer, 2 -butene* Both compounds have the same molecular for- 
mula. C 4 H 8 ; both decolor^*? bromine in carbon tetrachloride; and both give a 
positive Baeyer test. One way we can distinguish between them is by ozonolysis, 
recause they both yield different identifiable products. The ozonolysis of 
l-butene yields formaldehyde, H 2 C=0, and propionaldehyde, CH 3 CH 2 CH=0, 
“hereas the ozonolysis of 2-butene yields only one product, acetaldehyde, 

;h 3 ch=q. 



To be sure that you understand the value of ozonolysis in determining the 
fracture of an alkene, you should work through Example 3.2. 

Example 3.2 The products of the ozonolysis of an alkene were identified 
as acetone, (CH 3 ) 2 C=0, and formaldehyde, CH 2 =0- What is the structure 
of the parent alkene? 

Solution If you recall, the carbonyl carbons were originally double- 
bonded carbons. The structure of the parent alkene can therefore be deter- 
mined by eliminating the oxygen atoms from the two carbonyl carbons 
and joining them by a double bond. Thus, the parent alkene is 2-methyl- 
propene. 



lem 3.22 Write the structure of the product expected from the ozonolysis 
a) 2-methyI-2-pentene; (b) cyclopentene; and (c) 2-hexene, 



H 




1- Butene 



Propionaldehydii Formaldehyde) 



{two products) 



H 



CHjCH4CHCH s 



(1) 0;, 

(2) H;0, Zn 



■* 2 CH 3 C=0 




C — - r _^> 

> 



2- Butene 



Acetaldehyde 
(a single product) 



CH S 

CH 3 — C=0 + 0==CH 2 



ch 3 — c=ch 2 




Acetone Formaldehyde 



2- Methylpropene 
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Problem 3*23 Write the structure of the parent alkene given the following 
products of ozonolysis. 

CH 3 

i 

(a) Two moles of CH 3 — C=Q 

H H 

(b) One mole of CH 3 CH 3 — C=0 and one mole of CH 3 — C=0 



Problem 3*24 Compound B s C s H ia ., gave the following results. 

(1) B + Br 3 aA * > colorless solution 

{2) B 4- dilute KMn0 4 brown precipitate 

(3) B + followed by treatment with Zn ? H*0 yielded OII.^CH 3 CHO as the 
only product* 

What are the two possible structures for B? (Hint: The two structures are geo- 
metric isomers.) 



3.24 



Substitution Reactions: 
Halogenation at High Temperatures 



So far discussion has focused on addition reactions that take place exclu- 
sively at the carbon-carhon double bond. With the exception of ethylene, all 
alkenes contain saturated alkyl groups as part of their structures. What kind of 
reactions can we expect to occur there? Since these alkyl groups are saturated, 
we can expect them to undergo the typical alkane reaction, which is free-radical 
substitution. Let us use halogenation as an example of a substitution reaction. 
We already know that halogen can attack the double bond as well as the satu- 
rated alkyl site {Sec. 2.12). Can we control the experimental conditions so that 
the halogen attacks only one of these sites? The answer is yes. Alkenes are more 
reactive than alkanes. Their reactions therefore take place under milder experi- 
mental conditions. Alkenes undergo addition of halogen at low temperature, 
even in the dark, and generally in the liquid phase. On the other hand, alkanes 
undergo substitution by halogen only at elevated temperatures or under the 
influence of ultraviolet light (Sec. 2.12) and generally in the gas phase. The latter 
conditions favor a free-radical substitution reaction, whereas the former favor an 
addition reaction. 



i 1 i 

— C=C — C — H 

Addition reaction: 

low temperature; 
absence of light X 3 or X, 



T I f 
/ \ 



Substitution reaction; 
high temperature 
or ultraviolet light 



For example, the tr eatment of propene with chlorine at high temperatures 
yields chiefly the substitution product 3-chloropropene (ally! chloride). Reaction 



hlorine with propen e in the liquid phase at low temperature, in the dark, 
^ids only 1,2-dichloropropane, an addition product. 



CH.— CH=CH 2 



Prapene 



OI £ 



heat 
(pas phase) 



Cl 

I 

-> CH, — CH^CH, 



3-Chloropropene 
(Allyl chloride) 
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3x25 Polymerization 



Cl Cl 

CH 3 —CH= CH, > CH,— CH— CH, 

“ low temp 2 

Propene 1,2- Dichloropropane 



: blem 3*25 Write the structure of the major product expected in each reae- 

L 



CH 3 CH=CHCH 3 + Cl 2 — (b) CH 3 CH=CHCH 3 4 Cl 2 
4 Br 2 CC1 " > (d) FI + Br 2 — 

il 4 low temp I U 4 heat 



Polymerization 



3.25 



3ne important property of alkenes is their ability to form giant molecules 
- : polymers. Polymers are prepared by the polymerization process, which 
Dives the reaction of alkene units with themselves (from the Greek poly, 
ay: meros, unit). The basic alkene unit is referred to as a monomer. Under 
influence of various catalysts alkene monomers add to one another indefb 
■ly in a process called addition polymerization. Alkene polymers form use- 
iroducts such as plastics and rubber. For example, the polymerization of 
h lene, which takes places when ethylene is heated in the presence of a suita- 
catalyst, produces a waxy polymer called polyethylene. The overall reaction 



CH 2 =CH, 4 OH 2 =CH, 4 CH 2 =CH 2 4 ■ * • — fCH 2 — CH 2 ^- (n - 600-1,000) 

Monomers Polyethylene polymer 

ethylene is widely used for the manufacture of plastic bottles, wire insula- 
te toys, packaging, and wearing apparel. Ethylene is one of the most impor- 
■ tlkencs produced in the United States. In 1980 the United States produc- 
er’ ethylene was 28.3 billion pounds. 

The substitution of one of the hydrogens of ethylene by some other group 
duces a vinyl compound (CH 2 =CH — , a vinyl group; CH 2 =CH--G, a vinyl 
fcpound). These polymerize in much the same manner as ethylene, and pro- 
e vinyl polymers. The general equation for the polymerization of vinyl 
pounds is 
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R 

n CH a =C 
G 



peroxide 

catalyst 



R 

4 . +ch 2 -c- 



(R = H, alkyl, or Cl) 



Gj n 

A vinyl compound A vinyl polymer 

Vinyl polymers are important because they constitute the raw material; 
used by the plas tics industry for the manufacture of many useful finished prod- 
ucts. For example, the polymerization of vinyl chloride produces polyvinyl chlo- 
1 , wh l ct \ use f* as a m bber substitute, for pipes, and as an insulator. The 
polymerization of tetrafluoroethylene produces the tough plastic known as 
lenon. Teflon is a chemically inert substance widely used in insulation materials 
and as a coating in “nonstick” cooking utensils. Table 3.1 lists some important 
vinyl polymers and their uses in the plastic industry 




Table 3.1 Some Important Vinyl Polymers and Their Uses in the Plastics Industry 



-H —Cl 



polyvinyl chloride 



electrical insulators; 
pipes 



H 

CH 2 — c 

Cl 



-H — C=N 



-H 




— H 



O 



— 0— C — CH 3 



— Cl —Cl 



0 

-ch 3 -c-och. 



H 

CH.-C 
‘ I 
C=N 



— CH, 






C— OCH, 

A 



OT, 

--ch 2 — c— 

2 J 



C-OCH, 

I 



polyacrylonitrile 

(Orion) 



polystyrene 



polyvinyl acetate 



polyvmylidene 
chbride (S&tslr) 



polymethyl 
methacrylate 
(Plexiglas; Uidte) 



fibers for clothing 



electrical insula tors; 
foamed plastic 
fabrication 



plastic sheets, films, 
and fibers 



seat covens; self 
adhering food 
wrappers 



transparent sheets; 
unbreakable 
substitute for glass; 
paints 



Planning a Synthesis 



3.26 



N 3 w that you have learned the chemistry ol alkanes and alkenes, let us see 
mm :hat knowledge can be put to practice in synthesizing a compound in the 
n- ay possible. 

In general, the best approach to a problem involving the synthesis of a 
lie: round is working backward 7 that is, from the product to the starting matc- 
W— To illustrate, let us work out the following example* 









Example 3.3 Suppose you wish to prepare ethanol, CH^CH^OH, starting 
from ethane. (You may use any inorganic reagent and any reaction condi- 
tions). 

Solution First draw the structures of the starting material and of the 
product. 

CH 3 CH 3 — U CH 3 CH s OH 

Ethane Ethanol 

Working backward, ethanol can be obtained via hydration of an alkene, 
eihvlene. 



CH. — CH, + H a O 



H 2 -CH 2 [Sec. 3.20] 

H OH 

Ethylene, in turn, can he obtained via dehydrohalugenation of an ethyl 
halide, for example, bromoethane. 

alcohol _ _ 

[Sec. 3.10] 



CH 3 CH,Br + KOTI 

J * heat 



CH 2 =CH 2 



Bromoethane, in turn, is obtained from ethane via free-radical bromination. 
CH 3 CH 3 + Br 2 uv neht > CH 3 CH 2 Br [Sec. 2.12] 

The overall series of reactions is therefor e 



ch 3 ch 3 

Ethane 

t starting material) 



Br, 

1 > 

uv light 



CH 3 CH 2 Br K 0 H ;y 1 t rohul > CH 2 — CH 2 H:A - > CH 3 CH 2 OH 

Ethanol 

(desired product) 



Now work out the following synthesis problem. 



Problem 3,26 



starting from 

lai CH 3 CH 2 OH 
0b) CH 3 CHJ3r 
: j CHgCH^Cl 

d\ ch 3 ch;ch,oh 

fe) CH 3 CH=€H 2 




-V Xy *'• 

J. 9 . u Aft’S?. 



: •-••• 



mmm 



CH,CH a 

HOCH»CH a Cl 

HOCH 2 CH 2 OH 

CH 3 CHBrCH 3 

BrCH 2 CHBrCH 3 Br 

(Hint: First do a reaction at the saturated carbon.) 
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Summary of Concepts and Reactions 



Un&atura.l#<i 
Hydrocarbons 1 j 
Alkenes 



Alkenes are unsaturated hydrocarbons that contain a carbon^carbon double bond 
X C =C V [Sec. 3,1] 

Alkenes are named in the IUPAC system by replacement of the ending -ane of alkanes 
by -ene. The position of the double bond is indicated by the lowest possible number, 

[Sec. 3.1] 

The groups attached to the sp 2 -hybridized carbons in an alkene lie in the same plane. 

[Sec. 3.2] 

Because of the lack of rotation about the carbon-carbon double bond, geometric isomers 
can exist when different groups are attached to both carbons. [Sec. 3 + 3] 

Alkenes may be prepared by the dehydration of alcohols 

-c-c- )c=c( + H a O [Sec. 3.6] 

OHH 



or by the dehydrohalogenation of alkyl halides 



I I 

— C— C + KOH 

teat 

H X 



* P=c{ + KX + H.,0 



The typical reaction of alkenes is addition to ^€— C^. 
Most reactions of alkenes are electrophilic additions 



>=<- 



— c— A— — 
+ 

H 



-A-A- 

k A 



[Sec. 3.10J 
[Sec. 3.12] 

[Sec. 3.15] 



All additions of H — A to misymmetrical alkenes follow Markovnikov’s rule. 

[Sec. 3.17] 

Addition of H — A involves the formation of the most stable carbocation; 

R 3 C > R»CH > RCH 2 . [Sec. 3.18] 

Alkenes decolorize (a) Br. in CC1 4 and (b) dilute solution of KMnO* (Baeyer’s test). 

[Sec. 3.22] 

Ozonolysis 



X C=C / ai On . 
/ \ (2) Zn, H 2 0 



I I 

-C=Q + 0=C- 



is a reaction used to locate the position of the double bond. [Sec. 3.23] 

The saturated part of an alkene reacts like an alkane, [Sec. 3.24] 

Alkenes can form giant molecules called polymers. The basic unit of a polymer is called a 
monomer. [Sec 3.25] 

Alkene monomers add to one another in a process called addition polymerization. 



ill J I 
— c— c— c— c-c-c— 
[ I I I I I . 



[Sec. 3,25] 



The substitution of one hydrogen oi a doubly bonded carbon by another group produces 
a vinyl compound (CH 2 =CH — ■□), Polymerization of a vinyl compound produces a 
vinyl polymer. [Sec. 3 25] 

The best approach to a problem involving the synthesis of a compound is to work 
backward, that is, from the product back to the starting material. [Sec, 3.26] 



Br* Terms 



l^str^raied 
Hies (olefins) 



zioiip 

£TOUp 

■ -ridized 

■ bond 



zeroises 



geometric isomers 

E,Z system 

elimination 

Saytzeffs rule 

carbocation 

dehy dr o hal ogena ti o n 

addition reaction 

catalytic hydrogenation 

electrophile 

nucleophile 

rate -determining step 



electrophilic addition 
liy dr o h alo gena tio n 
Markovnikov's rule 
hydration 
vicinal dihalide 
halohydrin 
Baeyer test 
polymers 
monomer 

addition polymerisation 
vinyl polymers 




re j Nomenclature, and Geometric Isomerism [Secs- d*l> 3*3] 

Give the IUPAC names for the following structures. Use cis and trans designations 
“here pertinent for geometric isomers. 



CPL 



a) CH 2 =CH-CH 2 --C-CH, (b) Q 



CH, 



(c) 



CH 3 CH.j 



H X / H 

/ C=C X 



CH, 



H 



y 



.Br 



(d) C=C 
Br H 





5^ Write formulas for the following named compounds. 

a) 3-Methyl- 1-butene (b) 5 - Broffio -2-methyl- 2- hexene: 

(c) 4-Chlo r o cyclohex en e (d) Vinylcyclopropane 

(e) Ally ley clopehtane (f) cis- 3 -Hexene 

(g) trans- 2 - H epten e (h) trans - 1,2-D icy cl opro py 1 e thene 

ii) Z-2-Bromo-l-chloropropene (j) i£-l-BroraQ-l-chloro-2-fluoroethene 

State what is wrong with the following names and give the correct name for each 

molecule. 

(a) 2-Elhyh2*pentene (b) 2-rc-Fropyb 2 -butene 

(e) 3- Methyl-2 -butene (d) 3-ra-Butyl-l-hexene 

(e) l-Methyl-2-cyclobutene (f) 2,5-Dimethylcyclohexene 

L4 Which of the following compounds can exist as cis and trans isomers? Draw the 
structures of the geometric isomers. 

(a) 1 -Butene (b) 2-Pentene 
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3,5 



3,6 



3*7 



(c) 1-Bromo 3-hexene (d) 1 - C hloro -2 -m ethv lpro p ene 

(e) 1,1-Dichloroethene (f) 2-Methyl-2-pentene 

There are three compounds with molecular formula C S H 2 C1 S . Draw the structure 

of each compound and indicate which isomer(s) is (are) structural (constitutional) 

and which is (are) geometric (cis-trans). 

Including geometric isomers, there are sixteen alkenes of formula C 6 H I2 . Draw and 
name each structure, and indicate which are geometric isomers. 

Name the following structures using the E,Z system of nomenclature. 



H ^Br 

(a) ,C=c( 

ch 3 ch/ F 



CHjCH, 



V 






(c) ;c=c' 

II F 



Br H 

(b) C=CT 

CHjCHj P 

H \ / F 

(d) o=c 

Br Cl 



Hybridisation and Shapes of Molecules [Secs. 1.10, 3.2] 

3.8 Indicate the type of hybridization and the shape about each carhon in the follow- 
mg structures, 

(a) CH 3 CH=CH S (b) Jjjj ( c ) CH 3 CH=CHCH 2 OH (d) CH 3 CCH s COH 

0 A 

Preparation of Alkenes [Secs, 3.6-3,9] 

3.9 Which of the products named for each reaction is the major product according to 
Saytzeff’s rule? 



(a) CH 3 CH,CH^CHCH 3 . dehydratjor ?. 



* X-pentene and 2-pen lene 



OH 



CHn 



(b) 




. . T T dehydra cion 

OH > 1-methylcyclopentcne and 3-methyleyclopentenc 



3,10 Using Saytzeff y rule write the structure of the main product obtained on dehydra- 
tion of each of the following alcohols. 



CH, 

i 

(a) OH 3 CHCHCH 3 (b) 

OH 

CH. 

„ I 

(c) CH 3 CH 2 CHCHCH 2 CH 3 (d) 
OH 



CH.3CH3 




CHjCHCH. 

I 

OH 



OH 

^-11 Dehydration of 2-butanol, CH 3 CHCH 2 CH 3 , yields 2-butene (major product) and 
I-butene (minor product). Write a mechanism that accounts for the formation of 
these two products. 

3*12 Arrange the alcohols in each group in order of ease of dehydration. 
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CH. 

I 




(b) 




on (iii) 



5 13 Which of the products named for each reaction is the major product according to 
SaytzefTs rule? 



2 14 Using SaytzeflUs rule write the structure of the main product obtained on 
dehydrohalo gen ation of each of the following compounds. 



(c) 3-Bromo-2-methylpentane (d) 3 -Bromo- 2, 3 -dim ethyl pentane 



Inactions of Alkenes [Secs. 3.11-3,24] 

: 15 Draw the structure of the product expected on treatment of 2-butene with each of 
the following. 

(a) H 3 /Pd (b) IICI 

(c) Cold, concentrated H £ S0 4 (d) H 2 0, H + 



Draw r the structures of the major product(s) expected on treatment of 1-butcne 
with the reagents listed in Exercise 3.15. 

1 7 Braw T the structures of the products, A through N. 




-> 2-methyl- 2 -butene + 3 -methyl-1 -butene 



3-ethylcyclopentene + 1-ethylcyclopentene 



(a) 2-Bromopentane 



(b) 2-Bromo-2-methylpen lane 



(e) Br,, H 2 0 

(g) Cold, dilute KMn0 4 



(f) Br 2 in CC1 4 

(h) followed by Zn, H 2 Q 



(a) CH.,CH=CH, + Br, > A Hg/Pd > B 

J z z heat 



(b) CH,CH,CH,OH C -SSL, D 

' J z heat 



(c) CH 3 CH 2 CH 2 Br 



KQH/akohol 



(1) O3 



F + G 



( 2 ) Zn, H e 0 




(e) CH 3 CH 2 CH 2 C1 



KO H/alcohol , j Ct . CI £ , H^O ^ ^ 



(f) CH 3 CH 2 CH 2 Br 



KOH/aleohoI ,, H,O r H + xr 

— — — > M — 1 > JN 



heat 
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3.18 For each reaction, fill in the missing reagent(s) and, where pertinent, the reaction 
conditions. 



(a) CH,CH=CB 2 -L CH 3 CH 2 CH 3 

(b) CH 3 CH=CH 2 -h CH 3 CHO + CH 2 0 

(c) CH S CH~^CH 2 -h CH 3 CHBrCH 2 Br 




(f) CH 3 CH=CH 2 ~-h BrCH 2 Cir— CH, — h RrCHjCIIOIICH. 

( 1 ) ' ( 2 ) 3 

(g> CH 3 CH,CH 2 Br —U CH 3 CH=CII 2 — ^ CH 3 CHOHCH 2 €l 

( 2 ) 

<h) CH,CH 2 CH 2 OH -2* CH,CH— CH 2 JU CHCHBrCH, 

(i) CH 2 =CH 2 -h CH 3 CH 3 CH 3 CH 2 C1 



Br 




Identification and Structural Determination [Secs, 3,22, 3.23] 

3. IS n - Hexane and I -hexene are both colorless liquids with similar boiling points. What 
three simple tests would distinguish the two compounds? Indicate what you 
would see. 

3*20 Give the structure of an alkene that would give each of the following product(s) on 
ozonolysis. 

CH, 

(b) 2 CH,CH,C=Q 

(d) 0=CHCH 2 CH 2 CH 2 CH=0 

3.21 Compound A, C 4 HyBr 3 on treatment with alcoholic KOH, gave compound B, 
C 4 H S , Treatment of B with ozone followed by zinc and water yields CH 3 CH S CH— 0 
and 0=CII 2 , What are the structures of A and B? 

3*22 A. compound C^H^Rr (A), on treatment with alcoholic KOH ? gave compound 
C 4 H g . Treatment of B with ozone followed by zinc and water yielded CH 3 CH— O as 
the only product. What two possible structures for B account for these facts? 
What is the structure for A? 

3*23 A compound A, C^Br, on treatment with alcoholic KOH, gave compound R, 
CjIIf . Treatment of B with ozone followed by zinc and water yielded (CH 3 ) 2 C— 0 
and 0=CH 2 . What two possible structures for B account for these facts? What is 
the structure for A? 



CH, 

1 

(a) H 2 C^O and CII 3 CH 2 C=0 
(c) CH 3 CH 2 CH=0 and CH 3 CH=0 
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Synthesis Problems [Sec. 3.26] 

: .24 By means of equations show how you would carry out the synthetic conversion 
indicated. For each step, indicate the reagents needed and the reaction conditions. 

(a) CH 3 CH 2 CH 2 C1 to CH 3 — CH— CH 3 

Cl 

(b) CH 3 CH 2 CH 2 Br to CH 3 CHC1CH 2 C1 

(c) CH 3 CH 2 CH 2 OH to CH 3 CHCH 3 

OH 

(d) CH3CHCH3 to CII3CHCH3 

Cl Br 

3.25 Beginning with ethanol, CH^CH^OH, as your only organic starting material, show 
how you. would prepare each of the compounds listed, (You may use any other 
needed reagent.) Where more than one step is required, show each reaction clearly, 
(a) Ethene (b) Bromoethane 

(c) Ethane (d) 1,2-Dichloroethane 

(e) 2 - Chlor oet hanol P HOCH 2 CH 2 Cl (f) Ethylene glycol, HOCH,CH,OII 



Exercises 



Unsaturated 
Hydrocarbons II: 
Dienes, Polyenes, 
and Alkynes 



In Chapter 3 we discussed the chemistry of alkenes* In this chapter we will 
study the chemistry of hydrocarbons that are even more unsaturated than sim- 
ple alkenes* These include compounds that contain two or more double bonds as 
well as those that contain triple bonds. 



Structure and Nomenclature of Dienes 



Alkenes that contain two double bonds are called dienes (that is, they have 
two ene functions). If the douhle bonds are separated by only one single bond, 

— i=C — C=C — , the diene is said to be conjugated. 



H H 



n v I I z 0 
,c=c — c=c 



H 



H 




If the douhle bonds are separated by more than one single bond, the diene is 
called a nonconjugated diene, and the double bonds are said to be isolated. 




n H H H o 

H \ I I I / H 

0=C— C— O—O 
H OH, H 
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Dienes are named by the IUPAC system in essentially the same way as 
ad h=nes except that the suffix -adiene replaces the ending -ene of the alkene. 

. tiro numbers are needed to indicate the locations of the dou ble bonds in the 
rnaza. In cyclic dienes one of the double bonds is always assigned the number 1 ? 
lz: :he other is given the lowest possible number. This system can be extended 
m compounds that contain three double bonds (trienes), four double bonds 
•r.-craenes) ? or many double bonds (polyenes)* 



CH,=CH— CH 2 — CH=CH 2 



ch 2 =ch-ch=ch-ch=ch 3 



1,4-Pentadiene 
(non conjugated) 



1 ,3,5-Hex a trieoe 
(conjugated) 





1.3- Cy do hex ad iene 
(conjugated) 



1,3,5, 7-Cy cfooctatetraene 
(conjugated) 



Problem 4.1 Write the structures of the following compounds. 



^ i 1,3 -Butadiene 
c) 2-Methyl-2,5“heptadiene 
e) 1-Vinylcyclobutene 



(b) 1,4- Cy cloheiadiene 
( d) 2 - Methv 1- 1 ,3 - cy elope ntadien e 
(f) 1-Allylcyclopent.ene 



Problem 4.2 Indicate which dienes in Problem 4.1 are conjugated and which 
: main isolated double bonds. 



Problem 4.3 Name the following compounds. 



a) CH 3 CH=CHCH=CH 2 



(b) CH 2 =CHC— CH 2 

Cl 







Preparation and Properties of Dienes 4:*2 



Dienes may be prepared by applying any of the appropriate methods used to 
prepare simple alkenes (Sec. 3.5). Of course, the starting molecule must have the 
right kind of functional groups in the proper positions. For example, a conven- 
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ient method for preparing 1,3-butadiene in the laboratory is to heat 1,4-dichloro 
butane with an alcoholic solution of potassium hydroxide, a dehvdrohalogena 
turn reaction {Sec. 3.10), 



CH, — CH, — CH, — CH, KOH/akoh,jl . 

| ^ 2 I heat 

Cl Cl 



ch 2 =ch-ch=ch 2 

1,3-Buta diene 



1 ; 3-Butadiene is a raw material used in tlie manufacture of synthetic rubbe ; 
(Sec. 4.6A), 

As far as the chemical properties are concerned, dienes undergo the typiea 
reactions of unsaturated hydrocarbons— addition reactions. In nonconjugatec 
dienes the isolated double bonds have little effect on each other, and they there 
fore behave as if they were two separate alkenes, Consequently, the chemica 
properties of non conjugated dienes are the same as those of simple alkenes ex 
cept for the fact that they consume twice as much reagent. 



■ bl. n 



CH 2 =CHCH s CH— ch 2 —I 

1,4- Pent adiene 



» CH,CHCH,CH=CH, CII„CHCH,CHCH 



H H 



1-Pentene 



HJir 



-> CH ? CHCH 2 CH=CbL 

ii 2 

H Br 

4 - 13r omo - 1 -pen tene 



HRr 



i 2 I ii 

H H H H 

rc-Fentane 

> C H, CII C I L O HO H 

I I I | ‘ 

H Br Br H 

2 ,4 - Dibrom opentane 



In conjugated dienes, on the other hand, the proximity of the double bond- 
affects their chemical properties in ways that make them different from 
nonconjugated dienes. 1 his difference is evidenced by the fact that, conjugated 
dienes are more stable than nonconjugated dienes and that they undergo an 
unexpected reaction, 1,4-addition. 



4 m 3 Stability of Conjugated Dienes: 
Heat of Hydrogenation 



Experimentally, one of the methods used to determine the stability of a 
diene is to measure the heat of hydrogenation. The heat of hydrogenation. 
AH, is the amount of energy released (in kilocalories per mole) when the diene is 
reduced to an alkane. 

For example, if we compare the amounts of heat released when 1, 4-pen tadi- 
ene and 1,3-pentadiene are converted to pentane, we find that hydrogenation of 
the nonconjugated diene releases 60.8 kcal/mole, whereas the heat of hydrogen- 
ation of 1,3-pentadiene (a conjugated diene) is 54.1 kcal/mole (Fig. 4.1). The 
product, pentane, has the same energy regardless of the starting diene. The face 
that 1,3-pentadiene releases less energy on hydrogenation than 1,4-pentadiene 
means that the conjugated diene contains less energy, or is more stable, than the 
nonconjugated diene. 
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C J ] 2 — CH — CH 3 — CH = CH^ (no nco nj ugated ) 



4,4 Electrophilic 
Addition to 
Conjugated Dienes: 
1, 4-Addition 



AH = 60,8 keal/mo 




C Hr> — CH — CH = OH — C ( con j ugated ) 




AH - 54.1 kcal/mole 



ch 3 ch 3 ch 3 ch £ ch 3 



Rgure 4.1 Conversion of two dienes to the same alkane releases different amounts of 
^-:rr. 1,3 -pent adiene (conjugated) is more stable than 1,4-pent adieu e (nonconju- 



Numerous experiments, similar to the one just described, have established 
111!: whenever two dienes, one conjugated and the other isolated, are converted 
u ihe same alkane, invariably the conjugated diene is more stable than the 
there with the isolated double bonds. 

Before we discuss why conjugated dienes are more stable, let us point out 
: — they also differ from noneon jugated dienes in them addition reactions. 



When a mole of a reagent capable of adding to an alkene reacts with a 
a. - conjugated diene, the expected addition to adjacent double-bonded carbons 
s obtained. The addition of a reagent to a pair of adjacent carbons is called 
1.2 -addition* For example, treatment of 1,4-pentadiene with just enough of a 
ration of bromine in carbon tetrachloride to form the dihalide gives the ex- 
ted 1,2-addition product, 4 ? 5-dibromo- 1 -pen tene. Addition of another mole of 
:::mine gives another 1,2-addition product, 1,2,4,5-tetrabromopentane. 



Treatment of a conjugated diene with bromine under similar conditions 
~ es, in addition to the expected 1,2-addition product, an unexpected 1,4-addi- 
:ion product. 



Electrophilic Addition to Conjugated Dienes: 4*4 

1,4-Addition 



CII 2 =OII — CH 2 — CH— CH a + Br 2 



cci 4 , 



1, 2-addition 



1,4-Pentadiene 




1,2-y.ddition 



CII S — CH— CH,^CH— CH, 

I I 2 I I ' 



Br Br 



4,5 -Dih romo-l-jittn Lena 



Br Br Br Br 

1 ,2,4, 5 - Te trabr omopentan e 
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— c=^— C=C— + A B > — C— b— C=C— and — C— C=€— C— 

) J 3 4 j| | | 

A B A B 

1,2- Addition 1,4 -Addition 

(an expected product) (an unexpected product) 

1.4- Addition occurs when a reagent attaches itself to the carbons at the two ends 
of a conjugated system. 

Thus, treatment of 1,3-butadiene with bromine yields not only the expected 

3. 4- dibromo-l -butene (1,2-addition product) but also the unexpected 1,4-di- 
bromo-2 -butene (1,4-addition product). Treatment with hydrogen bromide, HBr, 
yields not only the expected product 3-bmmo-l-butene (1,2 -addition) but also an 
unexpected product, l-bromo-2 -butene (1,4-addition). Treatment with hydrogen 
in the presence of a suitable catalyst yields not only the expected 1 -butene (1,2- 
addition) but also 2-butene (1, 4-addition). These reactions are represented in 
Figrne 4.2. Frequ en tly, the unexpected 1 , 4-addition product is the major one 
(especially when reactions are conducted at 25°C and above). 

We have just seen that conjugated dienes undergo an unexpected reaction, 

1.4- addition. We have also observed that they are more stable than their 
non .conjugated isomers (Sec. 4.3), How do we account for these facts? The expla- 
nation is provided by a concept in structural theory called resonance. 



Problem 4.4 Draw the structures of the product(s) that can result from the 
addition of 1 mole each of 

(a) HBr to 2,4-hexadiene (b) Br 2 in CC1 4 to 2,4-hexadiene 

(c) HA H + to 2,4-hexadiene (d) HC1 to 1,3-cyclohexadiene 

(e) H 2 /Pt to 1,4 pentadiene (f) HBr to 1,4-eyclohexadiene 



4.5 



Resonance 



To account for 1,4-addition, we must examine the mechanism of the reac- 
tion, As with simple alkenes, addition occurs by a two-step process. The first step 
involves the attack on the w bond by an electrophile to form a carbocation. Thus, 



CH 3 = CH — CH = CH 2 
l,3-BLiUtdien& 



1,2- Addition 
(expected product} 
BVCCl, 

— — — ch 2 -ch-ch=ch. 

J 2 I 3 

Br Br 

1-bu it lie 

HBr 

CH 2 -CH-CH“CHo 

| £ I 2 

H Br 

3-Bromo- 1-butene 

Ha /Ft 

* CH 2 — CH— CH— CH 2 
H H 



and 



and 



and 



1- Butene 



1,4- Addition 
(unexpected product) 

CH 2 CH = CH— CH ? 
I I s 

Br )!r 

1 ,4-Diiwn<)nio-2- butene 

CH 9 CH ~ CH — CH 2 
! - | 

H Br 

l-Brcmo-S-butene 

CH 3 — CH = CH — CH 2 

H K 

2-Butent 



Figure 4*2 Addition of one moJe of a reagent to a conjugated diene gives rise to an 
expected 1,2-addition product and an unexpected 1,4-addition product. 
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addition of bromine to 1,3-butadiene results in a secondary carbocation. This 

zarbocation is also called an allylic carbocation because it is part of an allylic 

+ 

i'_ructure ( — CH 2 — CH=CH^, the allyl group; — CH — CH=CH 2 , the allylic car- 
rocatiori). 



CHj^CII— CH=CH 2 » CH 2 — CH CH=CH 3 + - : Br 

bV, * r 

1* Allylic carbocation 

(I) 



Actually, our representation of the allylic carbocation is inadequate. Figure 4.3 
_lustrates why this is so, As can be seen, the representation of the allylic carbo- 
i : ion (I) shows that the positive charge is on a carbon having a vacant p orbital 
This p orbital is next to a bond. The proximity of tt electrons to the positive 
iliarge will cause them to be attracted to it, resulting in structure II, also an 
-Hylic carbocation. In II, as hr I f there is a positively charged carbon with a 
acant p orbital, and next to it there is a tt bond. The vr electrons in II are also 
v::r acted to the positive charge, resulting in ally he carbocation (I). In effect the 
- electrons are not bonded specifically to two atoms but are dispersed over three 
i: ms* The term delocalisation is used whenever tj electrons simultaneously 
farm a bond between more than a single pair of atoms. The phenomenon of 
-^localization of electrons is called resonance. 

Note that neither structure I nor II truly represents the allylic carbocation. 
The allylic carbocation is actually a new type of species called a resonance 
hybrid, A resonance hybrid is a single species that combines the characteristics 
: :wo or more structures that differ only in their electronic arrangements. The 
dividual structures are called contributing structures that have no real ex- 
^rence* The symbol is used to represent resonance between contributing 
fractures of a resonance hybrid. The double-headed arrow should not be con- 
fused with : which indicates an equilibrium between real structures. The 

a?onance hybrid is illustrated in Figure 4,4. 



4*5 




CH S — CH-*£H^CI-I a 
Br 



Allylic carbocation 

(I) 



Br 



Allylic carbocation 
(II) 



. jure 4*3 Two contributing structures of an allylic carbocation, neither of which 
in reality. 



Resonance 
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CH 2 — CH — CH— CH„ 

i 

Figure 4.4 Two representations of an ally lie carbocation resonance hybrid. Below the 
orbital picture is a single structure containing broken bond lines to indicate the distribu- 
tion of the positive charge between the C-2 and C-4 positions. 

Because of the delocalization of the positive charge over two atoms, C-2 and 
C-4, the resonance hybrid is more stable (i.e*, contains less energy) than any oi 
the contributing structures where the positive charge is localized on one carbon 
atom only. The extra stability of the resonance hybrid is called the resonance 
energy* 

With this more accurate picture of the allylic carbocation we can now ac- 
count for the formation of the unexpected 1, 4-addition product. The attack by 
’ tire nucleophile, in the second step of the addition mechanism can take 
place at either C-2 or C-4. Attack at C-2 gives the 1,2-addition product, and 
attack at C-4 gives the 1,4-addition product (Fig. 4.5)* 



1,2- Addition 



1, 4-add itl on 



CH a — CH— CH — CH £ 

Br 

I 

civ ch cn = CH.-, 
I ! 2 

Br Br 

1,2- Addition product 



and 



Br:~~^ 

CH a — CH— CH— CH a 

Br 



i 



CH a — CH=CH— CH 3 

Br Br 

l r 4- Addition prod Jet 



Figure 4.5 Addition of the bromide ion to C-2 and C-4 giving a 1,2-addition and a 
1,4 -addition product, respectively. 



Problem 4*5 The carboxylate anion, R < , is stabilized by resonance 

0 :- 

since the negative charge can he delocalized over both oxygen atoms. Write for- 
mulas for (a) the two contributing resonance structures and (b) the resonance 
hybrid using dashed bond lines to indicate the distribution of the negative 
charge over the two oxygen atoms. 



Polymerization of Conjugated Dienes: Polyenes 4*6 



A Natural and Synthetic Rubber 

Like ethylene or substituted ethylenes (Sec, 3.25), conjugated dienes may 
p . rnerize into compounds that still contain many double bonds. Compounds 
contain several double bonds axe generally referred to as polyenes. The 
p: lymerization of conjugated dienes is commercially important because both 
uvural and synthetic rubber arc polymers of conjugated dienes. Natural rubber 
~ r polymer of the conjugated diene 2-methybl ? 3-butadiene or isoprcne. 



Synthetic rubbers are made through polymerization of different conjugated 
Z'Ues. For example, the polymerization of l ? 3-butadiene produces a soft rubbery 
ic'yme r manufactured since 1927 under the trade name of Buna rubber ■ 



The similar polymerization of its derivative 2 -chloro- 1,3 -butadiene, or chlo - 
~ _~rene t forms a rubber substitute called neoprene. Neoprene is superior to nat- 
ural rubber in its resistance to oil, gasoline, and other organic solvents. 



Natural or synthetic rubber is too soft to be of much use in industry. Its 
z^rdness and durability can be improved by vulcanization, a technique that 
discovered accidentally in 1834 by Charles Goodyear. He found that when 
rubber is treated with suitor (vulcanized) a tougher polymer is produced. The 
sclfur atoms form bridges between different chains in the rubber molecule. 
These cross-links make the rubber harder and stronger than the original 
__ vulcanized rubber. 



ch 3 



ch 3 





V -tCH 2 — C=CH— CH 



2 - Me thy 1-1, 3-bu ta diene 
(Isoprene) 



Natural rubber 
(a polyene) 



« CH 2 =CH-CH=CHj, 



■» + ch,-ch=ch-ch 2 -y n 



1,3-Butadiene 



Polybutadiene 
(Buna rubber) 



ci 

n CH 2 =C— CH=CH 2 



polymerization 



* -fCH z — C=CH— CH 3 ^ 



Cl 



Chloropxenc 



V oly chi or oprene 
(Neoprene) 



CH, 



-tCH 2 —C-=CHCH 2 CH 2 — C=CH— CH 2 i; 





S 

-rCH 2 — C=CHCH 2 CH— C=CHCH 




CH a 



CH S 



Natural rubber 
(un vulcanized, soft) 



Vulcanized rubber 
(hard) 



The process ol vulcanization made possible the manufacture of tough rut 
her tires for the automobile industry. We frequently observe that old tires los 
their flexibility, become stiff and brittle, and develop small cracks. This is be 
cause, like simple alkenes, the rubber undergoes ozonolysis with the ozone an 
moisture present in the atmosphere, resulting in the cleavage of the long poly 
mer chain into smaller chains. 

ch 3 ch 3 

^CH 2 -C=CH-CH^ 4tCH 2 C=0 0=CH-CH 2 i 

Natural rubber ” Ozonized rubber 

Other synthetic rubber polymers may also be prepared by the process o 
copolymerization. Copolymerization occurs when two or more different unsai 
urated monomers are mixed together and are allowed to polymerize. In the poly 
mer thus formed the monomeric units may be distributed in a random marme 
or they may alternate along the polymer chain. During World War II, whei 
natural rubber became unavailable to this country, an excellent synthetic sub 
stitute called SBR (styrene-butadiene rubber) was developed from the copolym 
erization of 1,3 -butadiene and styrene, CH S =CHC & H S . SBR, which has sinci 
been used extensively in the automobile industry, consists of about three par- 
butadiene and one part styrene. 
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3n CH 2 =CH— CH=CH 2 + n CH 2 =CHC 6 H 5 

1 ,3-Butadiene Styrene 



H 



\ 



c— c: 



ch 2 v-ch, 



VCH, 



\ 



3 \ / CH *\ 

CH 






H 



H 



c-c 

C.H, H CH sr 



Styrene -butadiene rubber {SBR) 



B Natural Polyenes 

Some natural polyenes, called terpenes, are found in many plants. Terpenes 
may be viewed as consisting of isoprene units joined together in groups of two 
three, four, six, or eight. An isoprene unit is a sequence of five carbon atoms thai 
resembles isoprene. 




2 -Methyl -1,3- butadiene An isoprene unit 

( Isoprene) 



Terpenes are classified according to the number of isoprene units, as inch- 
oated in Table 4.1. 

Geranioi, which has a sweet rose odor, and lunonene, which gives lemon ar.d 
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Table 4. 1 Classes of Terpenes 

Number of Number oi . 




its 



Monoterpenes 10 2 

Sesquiterpenes 15 3 

D I terpenes 20 4 

r l Vi terpenes 30 8 

Te tra terpenes 40 8 



1-6 Polymerization 
of Conjugated 
Dienes; Polyenes 



ing| peels their characteristic odors, are examples of monoterpenes. The iso- 
ne units are shaded. 



C H, 



C* 

H, C ~ 



f H 



H„ C C H.,OH 
N C H ’ 



H, 






OH, 




Geraniol 

{rose) 



Limonene 
{lemon, orange) 




Vitamin A, a fat -soluble vitamin essential for resisting infections and for 
>per vision, is an example of a diterpene. 



Vitamin A 
(Retinol) 



oblem 4.6 The reddish yellow pigments found in tomatoes, carrots, and 
ler fruits and vegetables are terpenes. Lycopene occurs in ripe tomatoes and 
rer melon, and -carotene is found in carrots, tomatoes, and spinach. Prom the 
~en structures determine how many isoprene units each has, 

I Lycopene 



CH, 



CH 3 CH, CH 3 



- c -CH a A JQ M ^ M ^ M jn* 

CH CH CH CH CH C CH C CH C CH 2 C 



ll^CH CH, VrH 'T 



CH 3 



CH, 



CH, 



CH 3 
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4J7 Alkynes 

An alkyne is an unsaturated hydrocarbon that contains a carbon -carbon 
triple bond, Like alkanes and alkenes, alkynes also form a homologous series, 
the increment again being — CII 2 — , a methylene group* The general formula 
that characterizes the alkyne series is C„H 2 „_ a * As the formula indicates, al- 
kynes are even more unsaturated than alkenes, and we would expect them to 
undergo the same reactions as alkcncs; namely, electrophilic addition. This is in 
fact the case, except that twice as much reagent can be added to alkynes as can 
be added to alkenes. Alkynes are also synthesized in much the same manner as 
alkenes, except that twice as many atoms are eliminated from adjacent carbon 
atoms* 

4*8 Geometry of the Carbon-Carbon Triple Bond: 
sp Hybri dization 



(b) /^Carotene 




The simplest member of the alkyne series is acetylene, 0 2 H 2 , 

H— C=C— H 

Acetylene 

From the structure of acetylene we see that each carbon is bonded to two other 
atoms. Acetylene is also a linear molecule with a h n nd an gle of 1801. This geome- 
try can be explained by a third type of hybridization called sp' hybridization {|s 
and hp characteristics). As with alkanes and alkcncs, carbon proceeds first to its 
excited state, but in the hybridization step only one.s and one _p orbital mix 
together to form two equivalent sp orbitals. This leaves two unhybridized p 
orbitals, which are perpendicularly oriented to each other and to the plane of the 
hybrids orbitals (Fig. 4.6). 

The union of the two carbons in acetylene occurs by the end-on overlap of 
their sp orbitals to form a o bond. The remaining sp orbitals bond with the s 
orbital of hydrogen and also form a bonds. The two unhybridized p orbitals 
overlap in a sidewise fashion to form two w bonds. Both carbons thus are joined 
by one a bond and two ir bonds, which together form a triple bond (Fig. 4.7). 

Not only is acetylene a linear molecule, but substituted acetylenes 
H or R — C=C — R are also linear, and for this reason cis-trans isom- 
erism is impossible in this class of compounds. The carbon-carbon triple bond is 
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V 



2s 



(b) 




2p 



y 



4.U Nomenclature of 
Alkynes 




Figure 4*6 (a) Hybridisation of a 2s orbital and a 2p orbital to form (h) two linear 
sp-hybridized orbitals with bond angle of 180° and two unhybridized p orbitals perpen- 
dicularly oriented to each other and to the plane of the hybiid sp orbitals. 





OY&rlap of 

sp-sp, 
p y -p y t and 
P**Z 




H — C=C — H 
acetylene 

Figure 4* 7 End- on overlap of two sp orbitals to form a a bond between the two carbons 
of acetylene and side-side overlap of the p p orbitals and the p z orbitals to form two w 
bonds. 

made up of a strong a bond and two weaker w bonds. Consequently, it is both 
shorter (1*20 A) and stronger (200 kcal/mole) than the carbon-carbon double 
bond of alkencs (1.34 A and 83 kcal/mole). 



Nomenclature of Alkynes 4.9 



Although alkynes can be named by both common and IUPAC nomen- 
clatures, all alkynes except acetylene are generally named by the IUPAC no- 
menclature. The IUPAC rules for alkynes are the same as those used for alkencs, 
except that the ending -yne replaces -ene. 
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hc=ch ch 3 c=ch 


ch 3 ch 2 c=ch 


ch 3 c=cch 3 
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IUPAC name: 
Common name: 

CL 

| 


Ethyne Prop y ne 

Acetylene 

OIL 

1 


1 -Butyne 


2-Butyne 




CH,CHCHC= 


eCCH £ CHCH 2 CII 3 








ch 3 









3-Chloio - 2 , 7-di methy 1-4-nonyne 



Problem 4,7 Write the condensed structural formula for 

(a) 1-Pentyne (b) 3-Hexyne 

(c) 3 ? 3 -Dimethyl-1 -but yne (d) l-Cyclohexyl-2-butyne 



Problem 4,8 The names given for the compounds listed here are incorrect. 
Draw their structures and give their correct name. 

(a) 4-Pentyne (b) 2-Ohloro-2-rt-propyl-3-butyne 

(c) 2,2-Dibromo-5-methyl-3-pentyne (d) 4,4- Dimethyl-2 -butyne 



4.10 Physical Properties of Alkynes 

Alkynes have physical properties that are essentially the. same as thqs„e__of 
alkenes and alkanes. They are insoluble in water but q idle soluble in the us ual 
organic solvents such as benzene, ether, and carbon tetrachloride. Like alkanes 
and alkenes, alkynes are lessrd£nse_than water; then boiling points show the 
usual increase with increasing molecular weight; and their boiling points are 
close to those of alkanes or alkenes with the same carbon skeleton. Like alkanes 
or alkenes the C 2 "C 4 alkynes are gases, the C 5 -C lg alkynes are liquids, and those 
with more than eighteen carbon^ are solids. 



4.11 Preparation of Alkynes 



-Sg -> h s u 

c 



Basically, alkynes are synthesized by two methods. 
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Dehydrohalogenation of Alkyl Dihalides 

treatment ofvicjn al dihalj desjcorn po un ds that contain halogen a to rn a rm 
~nent_carbon atoms) with strong bases, alcoholic KD^foilo wed by sodium 
e. NaNH 2 , results in the formation of alkynes. This is a useful preparation 
■ the vicinal dihalides themselves are readily obtained from the addition of 
gen to corresponding alien es (Sec. 3.14). This reaction therefore provides a 
ral method for the conversion of alkenes to alkynes. The following example 
sstrates this point. 



CH 3 ~CH 2 ^CH=C£L + Br, 



1-Butene 



CCL 



ch 3 -ch 2 -ch-ch, 

- I J 2 

Hr Br 

1,2-Dibroniobutane 
(a vicinal dihalide) 

H 



KQH/akohol 



CH 3 CHj — CH — CH 2 u,l “ , CH 3 — OH 2 CH=C-Br 



Br Br 
H 

CH, — CH, — CH=C~Br 



NaNHg 

hent 



1 -Br om o- 1 - bu tene 
(a vinyl bromide) 



^ CIL— CH,— C=CH 



1-Butyne 



Bromo-1 butene, the compound obtained from dehydrohalogenation of 1,2- 
fcromobutane with KOH in alcohol, is a vinylic bromide. Vinyl halides and all 
._±des where the halogen is attached to a double-bonded carbon atom (sn 2 - 
bridized carbon) aie more difficult to dehydrohalogenate than are alkyl ha- 
les. This is why a stronger base than alcoholic KOH, such as sodium amide, is 
eaed to eliminate the second mole of hydrogen halide to give the alkyne.' 



oblem 4.9 Starting -with 1-pentene, show how you would synthesize (a) 
»entyne and (b) 2-pentyne. 



4.11 



Reaction of Sodium Acetylide with Primary Alkyl Halides 

Acetylene and monosubstituted acetylenes, R— C=C— H, contain a hydro- 
atom attached to a triple-bonded carbon atom. Such acetylenic hydrogens 
somewhat acidic and may be replaced by certain metals to form salts known 



Preparation of 
Alkynes 
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as metal acetylides. For example, sodium in liquid ammonia reacts with acety- 
lene to form a sodium acetylide salt and hydrogen. 

H-CsC-H + Na H-C=C : - Na+ + 4 H,| 

Sodium acetylide 



This sodium salt can react with primary alkyl halides to form higher alkynes 
with the triple bond at the end of the chain (that is, terminal alkynes). 



General equation 



H -C=C:-'nT+ > II— C=C-R + NaX 

l fl alkyl halide Higher alkyne 

with terminal triple bond 



Specific examples 

HC=C : - Na + + CH 3 Br 

Methyl bromide 

HC=C : - Na+ + €H,CH 2 1 

Ethyl iodide 



■» HC=CCH 3 4 - NaBr 

Propyne 

-* HC=CCH 2 CH 3 + Nal 

l-Butyne 



Monosubstituted acetylenes can react in a similar fashion, but give higher 
alkynes with nonterminal triple bonds. 



General equation 

R-C=C-H + Na -ML* R - CsC "'nTT ""R’-X > 

Monosubstituted i* alkyl halide 

acetylene 

R— C=C — R' + NaX 

Nonterminal alkyne 



Specific example 



CH 3 CsCH + Na ** Nti3 ) 

CH 3 C=C : - Na + + CH 3 CH 2 Br > CH 3 C=CCH 2 CH fi + NaBr 

Ethyl bromide 2 Pentyrte 

V\ ith secondary and tertiary alkyl halides, sodium acetylides generally 
bring about dehydrohalogenation to give alkenes rather then the desired alkyla- 
tion product. 



Problem 4.10 Starting with acetylene, show how you would synthesize the 
following compounds (you may use any other needed reagents). 

(a) 2-Butyne (b) 1-Pentyne (c) 2-Pentyne 



Reactions of Alkynes 4.12 



Alkynes undergo reactions that are similar to those of alkenes, except that 
they are capable of adding two molecules of a reagent for each triple bond pres- 
ent Addition of reagents occurs in two stages, producing first an alkene and, 
upon further addition, a saturated compound, By proper selection of experimen- 
tal conditions, it is possible to stop the reaction at the alkene stage, but it is 
usually difficult to do so. Wc shall focus our attention on the following reactions. 



1. Addition of hydrogen 






... .32^. X C— (/ 

tKfksrjrted Pc) fir Ni— \ 

II 






H 



H 



> 'i'lXth' y ■ N 
. lirans-. ; 



H H 

H ' . ! j 

3 •> - c • • 



Pdf t>r Ni 



li I I 



2 . i ;4ddttiQfl.o/ halogen 

— CssC— + X 2 - — » -C pO + X 2 
XX 

3. Addition of hydrogen halide 



I 



X 



X X 



— C 3=C— + HX 



H X 

■ c=c — + hx ' 

S i 1 ' 

H X 



i , 



4. Addition of.Water: hydration 
: —Cr~C — + h 2 0 



H X 

s ' > \ 

H 

: 1 ' ‘ : t ;• 

— C— C— 

■ ! • I i, ' 

HO 



. H OH 

Ao mot • • ;,i • / • y ^ 

• ■ (unstable* • a> : " / f 



A Addition of Hydrogen 



Like alkenes, alkynes may add hydrogen in the presence of suitable cata- 
-/sts* such as platinum, palladium, or nickel. Under these conditions, however, 
the hydrogenation cannot be stopped at the alkene stage, and the final product 
alw r ays an plkane. 
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H a /Pd (or Ni) _ 




Conversion of alkynes to the alkene stage can he accomplished only hy usini 
special catalysts. Depending on the choice of catalyst, the product may be i 
cts-alkene or a frans-alkene, where such isomerism is possible. Addition of i 
controlled am o untjjf hydro gen either in the presence of deactivated ozpoisom : 
palladium (which is prepared by adding lead acetate to palladium) or using i 
nickel boride catalyst, Ni— B, gives almost entirely a cis-alkene. 



treatment of alkynes with sodium or lithium in liquid ammonia yields pre- 
dominantly tram-alkenes. 



B Addition j> f Ha l ogen 

Alkynes react with equivalents of halogen to give tejxahalidest As with al- 
kenes, this reaction is restrictedfto chlorine" arid bromine. 

General equation 



— C=C— + H 2 



poisoned Pd 
or Ni~E 




A tis- alkene 



-fee- + h 2 




X X 



c — c — + x 2 — ► c=c— ' + x 2 
- x X _ 




Specific example 





CL Cl 




Ill 



C Addition _of Hy drogeu . Halide 



The addition of hydrogen chloride, bromide, or iodide to alkynes follows 
Markovnikov's rule {Sea 3*17)* The reaction proceeds in two sfeps- and may. he. 
stopp ed at the liaLoaJkene ( or, vij^j nmlide ) stage or, if allowed to react further 
with another._mole_ > of' HX, to the gew-dihalide stage. The term gem-dihalide 
(from the Latin geminus, twin) signifies that bothiialogejns are on the same 

carbon atom* , T ; 

— < r 

General equation 

~ ^ H ; j£) 

— c=c— + HX > — C-C— + HX » — C-j-' iJ- 

H X H Id 

A haloalkene A gem-dihaiide 

(A vinyl halide) 

Specific example 



Br H 



CHXH.C^CH + HBr 



I-BuLyne 



r,- ' V 

X , t 



-> ch 3 ch 2 c=gh 



H 

2-Bromo-l-batene 



HBr — - CHoCHoC — CH 

i i 

Br H 

2,2 - Dibromo butane 



4.12 



Problem 4*11 Starting with acetylene, show how you would synthesize these 
: impounds. 

i a) 1 .1-Dibronioe thane (b) 1,2-Dibromoethane 

ic) 2,2 -Dibromobutane (d) 2,3-Dibromobutane 



D Addition of .Water: Hydration 

" ' Wq f 

Wateioa dds to_alkynes in the presence of dilute su lfuric add^and mercuric 
- :Liatc catalyst. The addition of water follows Markovnikov’s rule (Sec* 3.17) to 
free initially an adduct called an^enobl 



-C=C — + H-OH 



H 2 SQ 4> HgSO, , 



H 



)c=c^ 



OH 






Initial adduct; an enol 
(unstable) 




The term cnol is derived from the combination of the suffixes ■ ene ? charac- 
m rime of alkenes, and -oL characteristic of alcohols,. Structurally, an enol is any 
.pound., that- eon tarns, a carbon-carbon double bond (alkenes) to whi ch" isP 
-.bed a hydroxyl group (alcohols). K rib Is afejynstalfic; compounds and are 
m: averted immediately to more stable products that contain a C=0 or carbonyl 
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group. For example, the addition of water to acetylene gives first vinyl alcoho 
an unstable enol, 



H— C=e~ H + II— OH Hf - SOjl HeS0 * ^ 



H 



\ 



H 






:c=c 



/ 

\ 



H 

OH 



Vinyl alcohol 
(an unstable enol) 



which rearranges to a carbonyl compound, acetaldehyde. 



H 

H 



:c=c 






H 

I 

H-C-C 

H 



H 



0 



Acetaldehyde 

(a stable carbonyl compound) 



Acetaldehyde is but a single member of a larger class of compounds known a= 

H 

aldehydes (R -C=0), which will be discussed in Chapter 10. Acetylene is the 
only alkyne that will give an aldehyde upon hydration. Substituted acetylenes 

0 

also undergo hydration, but yield only ketones (R— C— R'). For example, the 
hydration of propyne yields the ketone acetone. 

CH 3 -C-CH 3 



Acetone 



Because all ends, except vinyl alcohol, are converted to ketones, the sponta- 
neous conversion of the unstable enol into a carbonyl, or kelo, form is referred 
to as enol-keto tautomerism, an isomerization reaction. Note that the enol 
and keto forms of a compound, also called tautomers, are distinct molecules. 
1 hey should not be confused with the resonance forms (Sec. 4.5), which have no 
real independent existence. Enol-keto tautomerism is an equilibrium reaction 
that involves the shift of a proton and of an electron pair. In the hydration of 
alkynes, this equilibrium strongly favors the keto side. 



CH,-C=C-H + H- OH 



Propyne 



f CH 3 — C^H,~| 

O— H 

An enol 
(unstable) 



Problem 4.12 Draw the structures of the product formed from the hydration 
ot the following compounds. Draw the enol and keto forms of each product. 

(a) CH 3 CH 2 CH 2 C=CH (b) CH 5 C=CCH 3 (c) 




Industrial Sources and Uses of Acetylene 4,13 



Acetylene is the only alkyne of significant industrial importance. Acetylene 
s produced industrially by the pyrolysis of methane. 



One of the earlier uses for acetylene was as an illuminant because, when 
uiied with the proper amount of air, it hums with a bright, intense white flame. 

. -rbide” lamps, as they were called at the time, were widely used as a source of 
-pit prior to the invention of electric bulbs. Today, about half of the acetylene 
_=umed in the United States is used for welding, cutting, and cleaning iron 
; steel by means of the oxyaeetylene torch. Because of its low cost and high 
nemical reactivity, acetylene is also used as the starting material for a wide 
priety of important organic compounds, such as acetaldehyde, acetic acid, plas- 
ms- and rubber compounds. For example, catalytic addition of acetic acid to 
. -Tylene yields vinyl acetate, which is used to manufacture plastics such as 
sci-yvinyl acetate and polyvinyl alcohol (PVA), from which floor coverings, up- 
-ering materials, and shoe soles are made. 



Addition of hydrogen cyanide, HC=N, yields an important compound, ac- 
le, used in the production of the synthetic fiber polyacrylonitrile, or 
and the synthetic rubber Buna N rubber (a copolymer of 1,3-butadiene 
icrylonitrile). 



6 CH * + °a 15^ 2 HC=CH + 2 COT + 10 H,t 



CH,=CH 




OCCH. 

II ' 



c tycoon 




Vinyl acetate 



■E"CH 2 ch -ch 2 ch — 3s 



hydrolysis 



^CH 2 CHCH 2 CK1~ 

OH OH 





Polyvinyl acetate 
(plastic) 



Polyvinyl alcohol (PVA) 



H :=CH + HC=N 




— H 2 CCHCH a CH 

I I 



Acetylene 



C=N 

Acrylonitrile 



Polyacrylonitrile (Orion) 



C=N C=N 



(a synthetic fiber) 




C=eN 

Acrylo nitrile 1 >3- Bn tad iene 




Bunn N rubber 
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Under the influence of cuprous chloride, Cu 2 Cl 2? and ammonium chlo- 
ride, NH 4 C1, acetylene can be made to dimerize into vinylacetylcne, 
CH 2 =CH~C=CH. Careful addition of hydrogen chloride to vinyl acetylene 
gives the important conjugated diene 2 -chloro- 1,3 -butadiene, or chloroprene* 
Recall from Section 4.6 that polymerization of this conjugated diene monomer 
gives the commercially important synthetic rubber Neoprene, This valuable 
synthesis was discovered by J. A. Niewland in 1929 + 



2 HC=CH ch„=chc=ch 

NH a Cl z 

Acetylene Vinylacetykne 



€1 

CH 2 =CHC=CH + HC1 » CH 2 =CHC=CH 2 > 

Chloroprenc 



Cl 

--CHsCH^CCH,^ 
Neoprene 



Acetylene is a reactive substance. When being liquefied under pressure, it is 
liable to explode violently if subjected to heat or shock. At atmospheric pressure, 
however, acetylene is soluble in acetone (25 volumes of acetylene for each vol- 
ume of acetone) and forms a stable mixture. Therefore, for commercial purposes 
acetylene can be safely transported in pressure cylinders saturated with acetone. 
At higher pressure, acetylene can be stored safely in the presence of an inert gas 
such as nitrogen. 



4.14 Visual Tests for Alkyiies. 



Alkynes, like alkenes, are unsaturated hydrocarbons. Therefore, the same 
tests that were used to distinguish between alkenes and alkanes apply Lu al- 
kynes. Alkynes give p ositive tests, .with, E% i u c ar box i le riachl o ride , with dilute 
KMn0 4 (Eaeyer test) and with H 2 SG 4 , 

Terminal alkynes, RC=CH, can he differentiated from nonte rmi nal al- 
kynes, RC=CE ? by means pf reactions involving heavy metal ions { Ag + or Cu+). 
Terminal j alk ynes form insoluble precipitates; non t erminal aikynes do not react 
and leave a c ieajysolutiori. 

CH 3 C=CH HQ* CH 3 C=C : Ag‘| 

Propyne Insoluble precipitate t h 

^ Je* 

CH 3 C=CCH 3 No reaction 



2-Bulyne ^ , a - 

a j 0 

Heavy metal acetylides are unstable and, if allowed to dry, are likely to explode. 
Consequently, they should be destroyed while still wet by treating them with 
warm nitric acid. The strong mineral acid regenerates the alkyne. 



HNO, 
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CH 3 C=C : - Ag+ 



CH 3 C=CH + Ag + 

Propyne 



Problem 4,13 Indicate how you could differentiate between the following pairs 
:: compounds by means of simple chemical tests. 

rc-Butane and l-butyne (b) 1-Butene and propyne 

e) 1-Butyne and 2-butyne 



Summary of 
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Reactions 



nroblem 4.14 Compound A, C 4 H c , gave the following tests. 
U) A + Br 2 /CCl 4 (excess) B (C 4 H e Br 4 ) 

21 A + H 2 /Pt (excess) C (C 4 H 10 ) 

: A + AgN0 3 — » D (precipitate) 

“hiat are the structures of A, B, C, and D? 



" ummary of Concepts and Reactions 



■t^es are alkenes that contain two double bonds. A diene may contain isolated or 
conjugated double bonds. [Sec. 4.1] 

6 -"‘as are named by the IUPAC system from replacement of the ending -ene of alkenes 
:y -adiene. The positions of the double bonds are indicated by two numbers. 

[Sec 4.1] 

lien's are prepared by the same reactions used to prepare simple alkenes. 

[Sec. 4.2] 

E n; reared dienes arc more stable than nonconjugated dienes. [Sec. 4.3] 

t : lasted dienes undergo both an expected 1,2 addition and an unexpected 1,4-addi- 
- [Sec. 4.4] 

C t -rated dienes undergo 1,2- and 1,4-addition because of ally lie resonance. 



_=c — (t=i- 






4 

E 



-c 






III 
-c— C=€VC- 



I 

E 






[Sec. 4.o] 



■ :-nce is the result of the delocalization of electrons over more than a single pair of 

[Sec. 4.5] 

sznple alkenes, dienes form large molecules called polymers consisting of repeating 
nene monomers. [Sec. 4.6A] 

rubber is a polymer of 2-m ethyl- 1,3- but a diene (isoprene). [Sec, 4, 6 A] 

i i rural polyenes, called terpenes, consist of isoprene units joined together in 
- sips of two, three, four, six, or eight. [Sec, 4,6B] 

are unsaturated hydrocarbons that contain a carbon-carbon triple bond, 
— . They have the general formula C ft H 3n _ 2 . [Sec. 4.7] 

on-carbon triple bond and the two groups attached to the two sp -hybridized 
ririzons lie in the same plane with a bond angle of 180°. [Sec. 4.8] 

are named by the IUPAC system from replacement of the ending -ene of al- 
es by -yne, [Sec. 4.91 



Alkyn.es have physical properties similar to those of alkenes. [See. 410] 

Terminal alkynes react with certain metals to form salts called metal aeetylides, 

[Sea 4.11B] 

Alkynes may be synthesized by dehydrohalogenation of vicinal dihalides 

I I I 

— C— C— 4- KOII (alcohol) > — C=C— + NaNHU — -C=C— 

heat I J heat 

XX X 

or by reaction of sodium acetylide with a V alkyl halide 
-C=C : - Na + 4 E— X * -C=CR + NaX 

[Sec. 4.11 A, B] 

Alkynes undergo reactions similar to those of alkenes. [Sec. 412] 

Addition of H 2 0 in the presence of dilute H 2 SG 4 and an HgSG 4 catalyst produces first an 
unstable enol that is converted into a keto group, a process called enol-keto tau- 
tomerism. [Sec. 412D] 

Acetylene is the only alkyne of significant industrial importance. [Sec. 413] 

Alkynes decolorize Br 2 in CCI4 and also give a positive Baeyer test. Only terminal al- 
kynes form precipitates with heavy metal ions such as Ag + and Cu + . [Sec. 414] 
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Key Terms 

dienes 

conjugated 

non conjugated 

isolated 

tnenes 

tetraenes 

polyenes 

heat of hydrogenation 

1,2 -addition 
1,4 -addition 



ally lie car bo cation 
deloca lization 
resonance 
resonance hybrid 
contributing structures 
resonance energy 
isoprene 
vulcanization 
copo ly meriza tion 
terpen es 



isoprene units 
alkyne 

carbon -carbon triple bond 

metal aeetylides 

enol 

keto 

enol- keto tautomerism 
tautomers 



Exercises 



Structure and Nomenclature of Dienes, Polyenes, and Alkynes [Secs. 4.1. 4.9] 

4.1 Draw r structures for each of the following. 

(a) 2,4-Heptadiene (b) 3,4-Dimethyl- 1,4-octadiene 

(c) 2-Methyhl 1 3-cyclohexa diene (d) Isoprene 

(e) 1,3,5 ? 7-Cyclooctatetraene (f) 2-Heptyne 

(g) l,4Tieptadiync (h) Cyclooctyne 

(i) Vinylacetylene (j) Cyclopropy lacetylene 

(k) 3,3- Dimethyl- 1-hexyne (I) Ally lacetylene 

4.2 Classify the dienes in Exercise 4.1 as conjugated or isolated. 

4.3 Name the following compounds according to the IUPAC rules. 

(a) ( C H 3 ) 2 C H C H=CH Cl I 2 CH= CI-I 2 (b) CH*=CBr— CH=CH a 



cr 2 ch., 
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l€) CH 5 C=C— CH— CH 3 

“rite the structural formulas and give the IUPAC names for all dienes with the 
dicated molecular formulas, 

a'j C 5 H s (5 structural isomers) (li) C S H 10 (16 structural isomers) 

Draw the structural formulas and give the IUPAC names for all alkynes with the 
~ /.ocular formulas shown in Exercise 4.4. 

ce and Resonance Contributing Structures [Sec. 4.5J 
4% an electrophile {IP, for example) attacks 1,3^ butadiene, it- always does so at 
T-l rather than at C-2. How do you account for this fact? (Hint: Draw the struc- 
“ire s of the c a lbo cations formed in each case.) 

►Mite a resonance contributing form for each structure (the delocalization of elec- 
trons is indicated by the arrows'). 



(c) CH 3 — CH-to— CH 5 (d) CH., — C— O : - 



Preparations and Reactions of Dienes and Alkynes [Secs. 4.2, 4.4, 4.11, 4.12] 

. / Draw the structure of the product for each reactions. If no reaction occurs, 
state so ) 

(a) CH,=CHCH 2 CH 2 CH=CH 2 + Cl 2 (excess) -* 



(d) CH 3 CH— CHBr 4- KaNII, =. 

* heat 

(e) CH g CH=CH — CH=CH — CH 3 + Br 2 — » (1,4-addition product) 

(f) CH 3 C=CH + HC1 (excess) 

(g) CH 3 C=CCH s 4- Cl 2 (excess) — » 

(h) CH s C=CCH 3 4- Na 



(a) CH 2 — CH=CH— CH 3 (b) 




(b) CH 2 =C—CH 2 CII 2 CH=CH 2 + HI (excess) 



CII 3 



(c) Br C H 2 CH 2 C H 2 CH 2 Br + KOI! ■ gthan[)1 



heat 




(j) Product (i) + CH 3 CH 3 Br 




Ni-B 



(i) ch 3 ch 2 c=c-ch, + H, 
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(m) CH 3 CH £ C=C— CH 3 + H 2 



Na ; Jlq MHa 
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<n) 



o 

O' 



ch 2 c=ch + Ag- 



fa) 



C^CCH 3 ] Ag+ 



4*9 Starting from acetylene write equations for the preparation of the compounds 
indicated here. If more than one step is required, show each step clearly. 



4*10 Starting with 1-pentyne in each case, show how you would convert it to the prod- 
ucts indicated. You may use any other required organic or inorganic chemicals. If 
more than one step is necessary, show each step clearly. 



4*11 How can (a) 1-hexene be converted to 1-hexync and (b) 1-bromopentane be con- 
verted to 1-pentyne? 

Enol-Keto Taulomerism [Sec. 4.12D] 

4*12 Write the structure of the keto tautomer corresponding to each of the following 
enol forms. 



Visual Tests and Identification of Structures [Secs. 4.12, 4.13J 
4*13 An unknown compound A has the molecular formula C 5 H g . Suggest a possible 
structure for A from these data. 

(1) One mole of A takes up two moles of bromine. 

(2) A does not react with either sodium metal or heavy metal ions (Ag + or Cu^i 



(3) Ozonolysis of one mole of A yields two moles of H— C=0 and one mole of 



4*14 An unknown compound B has the molecular formula C 5 H^. Suggest a possible 
structure for R from these data, 

(1) One mole of B takes up tw r o moles of hydrogen. 

(2) B forms a precipitate with Ag+ or Cu + . 

(3) Treatment of B with H s O in the presence of dilute H 2 S0 4 and mercuric 



4,15 An unknown compound C has the molecular formula C 5 H S . Suggest a possible 
structure for C from these data. 

(1) One mole of C takes up two moles of chlorine* 

(2) Compound C decolorizes a solution of Br 2 in CC1 4 , 

(3) Compound C forms no precipitate with either Ag + of Cub 



(a) Ethane 

(d) 1,1,2, 2-Tetrabromoethane 
(g» ces- 3 -Hexene 



(b) Ethyl chloride (c) 1,1 -JJichlo roethane 

(e) 1-Butyne (f) 3-Hexyne 

(h) trans- 3- Hexene 



(a) Pentane 

fa) 2-Pentanone, CH 3 — C— CH,CH a CH 3 



(b) 1,1, 2,2 - Tetra br orn op ent a no 
(d) 1-Pentene 



O 

(e) 2,2-Diehloropentane 



(f) 3-ITeptyne 




fa) CH 3 — C— CH=C— CH 3 
O OH 



H 



O— c — c=o. 




sulfate catalyst yields CH 3 CH S CH 3 CCH 3 as the main product, 

0 
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(4) Treatment of C with H 2 0 in the presence of dilute sulfuric acid and mercuric 
sulfate catalyst yields an equimolar mixture of CH 3 CCH 2 CH 2 CH a and 

ch ; ,ch,cch 2 ch 3 . 1 

A 

3&%nitions of Terms 

JL_i Define or give an example of (a) conjugated diene, (b) resonance contributing 
structures, (o) a 1 1 v 1 carboeation, (d) 1, 2-addition, (e) 1,4-addition, 

<n sesquiterpene, (g) copolymerization, (h) vulcanization, (i) acetylide ion, 
(j) enol-keto tautomer ism. 
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Benzene 

and Aromatic 

Compounds 



The term aromatic was used originally to designate compounds with spicy 
or sweet-smelling odors derived from plants. Often these pleasantly fragrant 
substances contained a variety of groups, such as — OCH 3 , —CH=CH — COOH. 

H 

1 

and — C — 0, attached to a C 6 H 5 unit. This same unit was found also among 
products obtained by distillation of coal tar. One such product, phenol, has the 
formula O^H^OH, and another, benzene, has the formula C 6 H 6 or c 6 H 5 -H. 
With time, as odorless and vile-smelling substances that contained the C 6 H 5 
unit were discovered, the original meaning of the term aromatic was abandoned* 
The expression aromatic compounds came to mean benzene and derivatives of 
benzene. Today a compound is said to he aromatic if it is benzene-like in its 
properties. This definition includes benzene and benzene derivatives as well as 
other substances that, although they bear no resemblance to benzene superfi- 
cially, nevertheless behave like benzene. Obviously, we must begin our study of 
aromatic compounds with a discussion of benzene itself. 



Structure of Benzene: Resonance Description 

Benzene, C 6 H G , is a planar, cyclic compound. 



H 
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*vv H 

II Rj 

C Cc 

fh V* X H 






t v " 






or 




H 



Each carbon in benzene is. attached to three atoms and is_ therefore sp 2 ! 
hybridized, As expected, the bond angles in benzene are 120 D . For two principal 
: sons, however, the description just given is unsatisfactory. 



$*2 Structure of 
Benzene: Molecular 
Orbital Description 



1 . If the structure we have shown were corrcct 3 we would expect benzene to be 
“1,3,5-cyclohexatriene.” If benzene were 1,3,5-cyclohexatriene, we would ex- 
pect the molecule to have the shape of an irregular hexagon with three C — C 
bond lengths of 1.54 A (typical of single bonds) and three C — C bonds of 
1.34 A (typical of double bonds)* However, evidence from x-ray diffraction 
experiments reveals that all carbon- carbon bonds in benzene are of equal 
length, 1,39 A. 

2* If the structure of benzene we have shown were correct, we would expect 
benzene to undergo addition reactions. In fact, the typical reaction of benzene 
(and other aromatic compounds) is substitution^ rather than addition. 



The true structure of benzene can he explained by the concept of resonance. 
Recall that according to the resonance theory (Sec. 4*5), whenever a substance 
ran be represented by two or more equivalent or nearly equivalent structures 
:hat differ only in the position of valence electrons, the actual molecule does not 
correspond to any of the contributing structures but is a resonance hybrid of all 
of them* Thus, benzene is actually a resonance hybrid (III) of the two imaginary 
contributing structures (I and IT). 




(I) ill) (HI) 

Contributing structures Resonance hybrid 



In the resonance hybrid, the broken and solid circles within the hexagon 
represent the even distribution of the valence electrons over the six carbon 
atoms* 



V; 



Structure of Benzene: 
Molecular Orbital Description 



V Zj J 



5.2 



The delocalization of electrons over the six carbons may easily be seen in the 
molecular orbital picture of benzene. It should be emphasized that the results of 
the molecular orbital approach are identical to those of the resonance method. 
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Benzene and 
Aromatic Compounds 




Figure 5,1 Molecular orbital picture of benzene without/? orbital overlap. 



Figure 5.1 shows the molecular orbital picture of benzene without -orbital 
overlap. 

To complete the picture, it should be remembered that any pair of adjacent 
P orbitals is capable of side-side overlap to form a ?r bond. Three double bonds 
can be formed by overlap of the p orbitals of C-l and C-2, C-3 and C-4> and C-5 
and C-6 (Fig. 5.2a) or by overlap of p orbitals of C-2 and C-3, C-4 and C-5, and C-6 
and C-l (Fig, 5,2b). 

Which of these structures is the correct one? Neither. They both are con- 
tributing forms that have no physical reality. The true structure of benzene is a 




(c) 

Figure 5,2 (a, b) Imaginary contributing structures of the resonance hybrid (c) that 
represents the true structure of benzene. 
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,hiid not a mixture of (a) and (b). In the hybrid, the ^-electron cloud is delo- 
-iized all over the ring (Fig. 5.2c), 

An immediate benefit of the resonance or the molecular orbital description 
. oenzene is that it agrees with the physical measurements of the molecule As a 
resonance hybrid, we expect benzene to be a planar molecule having the shape of 
i regular hexagon, with bond angles of 120°. We also expect all the carbon- 
^bon bond distances to be intermediate (1.39 A) between the usual C— C single 
. ; .»nd (1.54 A) and the typical C=C double bond (1,34 A). All the experimental 
lata confirm our expectations. 

The resonance picture helps also to explain the lack of reactivity of benzene 
. - ward addition. The reasoning is that the delocalization of 77 electrons confers a 
great degree of stability on benzene. This degree of stability is so great that the tt 
-•- aids of the molecule will normally resist breaking. The typical reaction of 
mzene is substitution, which leaves the 7r-eiectron cloud around the ring intact 
rather than addition, which disrupts the cloud around the ring * " ' 

One line of experimental evidence showing that the stability of benzene is 
me to the v cloud around the ring is discussed in the next section 



5.3 Stability of 
Benzene: Resonance 
Energy 



Stability of Benzene: Resonance Energy 5,3 



The heat of hydrogenation of cvclohexene is 28.6 kcal/mole. If a benzene 
molecule has three localized double bonds— that is, if it were 1,3,5-cyclohexatri- 
ene— we would expect its heat of hydrogenation to be 3 X 28.6 or 85.8 kcal/mole. 




—28.6 kcal/mole 



Cyclohexene Cyclohexane 




1,3,5-Cyclohexatriene Cyclohexane 

(imaginary) 



= 85 .8 kcal/mole (predicted) 



Actually, when benzene Is hydrogenated to cyclohexane, only 49,8 kcal/mole 
oj energy is liberated. 




+ 3H 2 



cataJyst 
heat, pressure 




Benzene 

(actual) 



Cyclohexane 



A H = 49.8 kcal /mole (observed) 



* Addition reactions (hydrogenation, bromination, etc.) can take place, but vigorous 
conditions, such as high heat or high pressure, are needed. 
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Reverie and 
Aromatic Compounds 



i he r°rM enei F relcased on hydrogenation of benzene is 36.0 kcal/mole 
ess (85.8 - 49.8 = 36^ kcal/inole) than that predieted for the' hypothetical 
hh-cyclohexatnene. The fact that benzene liberates 36kcai/mole less energy 
than predicted can only mean (hat henzene contains 36 kcal/mole less energy or 
m other words, that benzene is more stable by, 3hkcaI/mole than predicted 
viously, this greater stability of the molecule must come from the fact .that 
the -it electrons m benzene are delocalized. We refer to this amount of stabiliza- 
tion between the energy liberated by the actual structure of benzene, with its 
delocalized * electrons, and the energy liberated by the hypothetical 1,3,5-cyclo- 
hexatriene, with its localized ; r electrons, as file resonance energy. It is the 
preservation of this large resonance energy that is the source of benzene’s tend- 
ency to undergo substitution rather than addition reactions and gives it its aro- 
matic character. 



5.4 



0 Cyclic 



w-9 > 




Problem 5.1 Hydrogenation of one mole of naphthalene, C 10 H S , with live 
moles of hydrogei] releases 82.0 kc&i of heat. Assuming the heat of hydrogena- 
tion or a normal double bond to be 28$ kcal/mole, calculate the resonance en- 
ergy of naphthalene. 



Recall that we defined aromatic compounds as those with benzene-like 
properties. Like henzene, aromatic compounds tend to undergo substitution 
lather than addition reactions and, for the same reason^ to retain their resonance 
energy. Can we predict which compound is aromatic? The answer is yes, as will 
be shown in the next section. 



Aromatic Character; The (4 n + 2) it Rule 

• CA 

Extensive studies have revealed that aromatic character, or aromaticity, is 
associated with several structural requirements. First, aromatic compounds are 
cyclic structures that contain what looks like a continuous system of alternating 
double and single bonds. Actually, the 77 electrons are delocalized through over- 
lap of adjacent p orbitals. To permit such delocalization, a second structural 
requirement must be met: aromatic compounds must be planar. Finally, aroma- 
ticity is possible only it the number of 77 electrons in the compound is {An + 2), 
where n is zero or a positive integer (n = Q, 1, 2, 3, and so on). Examples of 
aromatic compounds that obey this (An + 2) 77 rule, also known as Hiickel’s 
rule, are shown in Table 5.1. 

A glance at the table reveals that some aromatic compounds, such as naph- 
thalene, anthracene, or phenanthrene, resemble benzene structurally: they con- 
sist of two or more benzene rings-' fused together. Others, such as pyrrole, bear no 
structural resemblance to benzene. Nevertheless, pyrrole and ail other com- 
pounds listed in Table 5 + l show aromatic properties because they satisfy the 
(An + 2) 77 rule,* ,, < 

■ 

The two nonbonded electrons within the ring of pyrrole, rara n. and other mole- 
cules shown in the table are pai't of the 77 system, and should be counted when applying 
HiickeFs rule. 



Table 5,1 Examples of Aromatic Compounds Containing (4n + 2) tt Electrons 
; : . ; 

4 n + 2 Structure and name of aromatic compound 

.v.- J: i :l : ‘ ... .U •" :: : -V; fi l. 



1 



2 



3 



6 



10 



14 



>0 


0 


O 

V 

H 




O 

s 


Be rue At: 


Pyridine 


Pyrrole 


Furan 


Thiophene 




Anthracene 



Phenanthreoe 



Aromaticity according to the {in -f 2) tt rule shows up even more strikingly 
in certain organic ions. All carbocations encountered up to this point have been 
very reactive, short-lived intermediates. Tropylium bromide, on the other hand, 
is a stable, high-melting salt that is soluble in water. 




or, more accurately. 




Tropylium bromide 

The tropylium ion is a seven-member ed ring that contains three double bonds. 
Since the ring has a total of six vr electrons, it is therefore aromatic. Similarly, 
; y clop entadien e, in contrast to nearly all other hydrocarbons, is quite acidic. It 
is readily converted to its sodium salt, 



1 jjp Na’ or, more accurately, 

Sodium cyelopentadienide 



Na + 



The cydopentadienide anion, is also aromatic and particularly stable 

because the five-m ember ed ring has a sextet or electrons, two double bonds 
from the ring and a pah of n unbonded electrons. 

What does it mean if the sum of the 7 r electrons in a cyclic, conjugated 
system does not follow the {An + 2) ^ rule? It means, simply, that the compound 
is not aromatic. Cyclooctatetraene, for example, contains a ^ system of elec- 
tions. Because no Integral value of n can give the number 8 according to the 
An + 2) 7 T rule, cyclooctatetraene is not aromatic. As predicted, cyclooctatctra- 
-ne reacts readily with bromine in the dark and with cold dilute permanganate, 
ust as an ordinary a Ike lie does. Furthermore, tf-ray diffraction studies have 
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shown that cyclooctatetraene lias a “tub” shape rather than the planar shape 
required for an aromatic compound. 




Cyclooctatetraene ‘‘Tub” shape of cyclooctatetraene 

(not aromatic) 



In our discussion of aromaticity we have represented benzene and other 
compounds as having alternating double and single bonds. This was done as a 
matter of convenience to illustrate the application of the (4 n + 2 ) 7 7 rule. Keep 
In mind that in aromatic compounds such bonds do riot really exist; in the actual 
structure the tt bonds are delocalized. 



Problem 5,2 Predict which of the following structures might be expected to 
possess aromatic character. Explain the basis for your choice. 




5»5 



Nomenclature of Aromatic Compounds 



Now that we are familiar with the criteria for aromaticity , we should learn 
how to name members of the various families of aromatic compounds, especially 
the derivatives of benzene. We will then be ready to study their reactions. 

A ..Monosubstituted Benzenes 

.■o’ - 

X !/ " Because all six positions in benzene are equivalent, there is no ■ need to spee- 
dy- ify by a number the position. of a substituent for monosubstituted benzenes. All 
that is required is to indicate the nature of the substituents present. For exam- 
7 f. pie, replacement of one of the hydrogens by bromine yields a single product, 
f; . bromobenzene. 

'0 ? # 




6-0r 



Bromobenzene 



Br 



The two structures represent the same molecule because) all positions are equivalent. 



5.5 Nomenclature of 
Aromatic Compounds 



Other monosubstituted benzenes that can be named in the same manner, by 
: lacing the name of the substituent in front of the word “benzene.” are 



■C 



j? 






CH 2 CH 3 C(CH s ) 3 




NO, 




Chlorobenzene Fluorobenzene lo do benzene Ethylbenzene uty lbenzene Nitrobenzene 

y 1 / y. 

Some monosubstituted benzenes are considered parent compounds because 
-hey occur so frequently. For that reason they ar e given common names that 
you should memorize. 







NH, 



S0 3 H 



OOO 



^Toluene /' 1 Styrene jfienzaldehyd_e.^ Benzoic addj, . Andinjh Benzenesulfonic acid 

J+ ■ -j-y ^ y ,jJr - r y 

' k - _ u ( c v 

Sometimes it is more convenient to name the benzene ring as a substituent, 






as in the following structures. 



1234 

ch 3 chch 2 ch 3 




CHXH ? OB } 





p^e-A v J 1 A „ ; ,y>y> -/r 



' 




'*1 bn ^ 



ctU 



© 



© 






2 - Phenylbutane 

“T -r. 



2 - Phony lethano 1 



Biphenyl 



The phenyl group, C r hl 5 
(Fh or 4 ) 



; 

\^nyj 






- 1 7-^' ? 'i 



The phenyl group, symbolized by(Ph o r <j>, is a benzene from which one 
hydrogen has .bee n u&movecL Another coiimim aromatic substituent is the 
benzyl group, derived by removing a i hydrogen from the CH S group in toluene- 

vh^ji ■— ) MyA ipt>y 






rck) 



f jb > cAy 
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() 



For example, 

^ x 

CH 2 ~C1 




ch 2 — OCCH 3 



Benzol chloride 





The benzyl group 
(PhCH 2 — or dCH s — ) 



The benzyl group is often abbreviated as PhCH,, — or ^CH^- 

^ jUv'v*— -4 









n 



( ^7/ B Dikubstitu ted Benzenes 

' i ^ 

- y / All disubstituted benzenes, no matter what the substituents, can give rise to 

three possible isomers. To differentiate between the isomers, the relative posi- 
tions of the substituents are designated by numbers or, more commonly, by the 
prefixes orthojo-), meta (m-), or para { p -). 



sL 





o 



'T.uyfr 

1,2-I^ibromobenzene , 
^ gfvfr'l ( o-DiJ)romob en zen e ) 



1 , 3- P jbromobenzenG 
(m- Dibiomobenaene ) 



1 J 4-J&ibromo benzene 
( p-pibromoben zen e ) 




(m-Dihitro benzene j 



When the substituents are different, they are listed in alphabetic aL order. 
For example, - - 






l-Cb loro -2-etliy lbenzene I-Flu or o-4-iodobehzene 1 Bromo- 3-nitrobenzene 

(o - C hloroethy Ibenaene ) ( jj-F1u oroio dobenzene) ( m-Bromord fcrobenzene) 



Iftone of the substituents is part of a, parent compound, then the disubsth 
tuted benzene is named as a derivative of the parent compound. 




2-Chlorophenol 

(o-Chlorophenol) 




4-Nitrotoluene 

(p-Nitrotoluene) 




3-Bromobenzoic acid 
(m.-Bromobenxoic acid) 




.h 
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f) 



IA l 1 l 






4 - Aminophcno 1 
(p-Arninophenol) 
ov 

4-Hydroxy an iline 
Cp-Hy dr y a nili ne) 



Like m o ri osubs titrated benzenes, certain disubs tit u ted benzenes are referred 
to by their common names. The dimethylbenzenes, for example-are -known as--, 
xylenes, — — — * 






Problem 5.3 Name each of the following structures using ortho, meta, and 




Problem 5.4 Draw the structure of each of the compounds named. 

(a) 2-Phenylpentane (b) p-Nitrocthylbenzcne 

! c) m-Chlorobenzaldehyde (d) o-Ethylamline 

(e) 77i-Bromobenzenesulfomc acid (1) 2 ,2’Dimetliy fl *plienylbut3.ii6 

p-Brom o tol uene (h) m-Nitrobenzoic acid 
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A^AiV>' v 5' rv" ^1-. 

^ — ‘ f — - 

C Polysubstituted Benzenes 

When three or more substituents are present, the ring must be numbered 
and the positions of the substituents must be specified bv numbers. As with 
other classes of compounds previously encountered, the numbering starts with 
one substituent and continues around the ring so as to use the lowest possible 
numbers for the other substituents. When the substituents are different the last 
one named is understood to be in position 1. As with disubstituted benzenes, if 
one of the group is part of the parent compound, then the carbon that, bears the 
functional group of the parent compound is assigned the number 1. 









1 , 2,3-Tn hr omo benzene 
{not 1,2 ,6'Tribromobenzen c ) 




3“ ChIpro-5-flu cron itrobenzene 
(nitro on carbon 1) 



CEL 



°* N kS. 



, 5 p CslL- I ) y 



2, 4,6-Tribroni Ophelia! 2,4,6-TririirrotoluMie (TNT) 

(OH on carbon 1) (CH 3 on carbon 1) 



Problem 5.5 Write the structural formulas that correspond to the following 

(a) 2,6-Dibromo toluene (b) 1,2,4,5-Tetrachlorobenzene 

(c) 2-Benzyl-3-mtro-5-bromophenol (d) 2,4,6-Tribromoaniline 

(e) 3, 5-Dmitro benzoic acid (f) 2,3-Dichlorobenzaldehyde 

(g) 2,4-Dmitrofluorobenzene (h) 3,5-Dibromobenzenesulfonic acid 




Problem 5.6 Give names for the following structur 



, A . e *WJ 







A Vi** A'***'- 
■V&YV/f 1 
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D Polynuclear Aromatic Hydrocarbons 

Benzene rings may be fused together to form polynuclear aromatic hydro- 
carbons. Examples of polynuclear aromatic hydrocarbons containing two, three, 
and four rings are 




In naphthalene, positions 1, 4, 5, and 8 are equivalent, as are positions 2, 3, 
6, and 7, Often, the 1-position in naphthalene is called the alpha (a) position and 
C-2 the beta (0) position. Thus, 





IUPAC name: 1-Aminonaphthalene 

Common name: «-Naphthylamine 

(a weak carcinogen) 



2 - Aminona phthal ene 
Naphthy lam jne 
(a strong carcinogen) 



Problem 5.7 Write the structures of 

(a) 2-Methylnaphthalene 

(c) o-Nitronaphthalene 

(e) 1 ,5 - T ) i m ethyl naphtha 1 ene 

(g) l-Bromoanthracene 

(i) 1 ,5-I)initroan thracenc 

(k) 3-Bromophenanthrene 



(b) 1-ChIoronaphthaLene 

(d) ^-Fluoronaphthalene 

(f ) 1 ,3,6, 8-Tetranitro naphthalene 

(li) 9- Bro mo anthracene 

(j) l-Bromophenanthrene 

(1) 4,5-Dimethylphenanthrene 
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Problem 5.8 Name the following structures. 

CH, CH, 

"00^ *'u6 




ch 3 




(b) 



Figure 5.3 (a) 3,4- Benzopyrene, a potent carcinogen, (b) Two stages in the develop- 
ment of a skin tumor induced in the mouse using 3,4-benzopyrene. [Fl ora J. C. Arcos, 
“Cancer: chemical factors in environment,” part, 1, American Laboratory, 10(6), 05 
(1978). Reprinted noth permission.] 



" 5 ; 9 , Which other position(s) in monosubs tit u ted anthracenes are 

r,mvalent to (a) position 1, (b) position 2, and (c) position 9? 



ren eTph- b 5 3a) ha^ /hr d a }i roma j 1C hydrocarbons are carcinogens. 3,4-Benzo- 
'.j- / g - 5 f a) - tJlc dubious distinction of being the most widely distrib 

::-l h /r Carb ° n Cartm0getl in the environment. The compound is the main 
cai on carcinogen m cigarette smoke, auto emissions, and soot. 



13,3 
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Sources of Aromatic Compounds 5.6 

- C0mp0unds that contain the benzene ring are widely dispersed in 

“ .’/he two major sources of aromatic compounds are coal tar and netro 

:/•/ Unt / aboilt 1940 ’ benzene, toluene, xylenes, naphthalene, anthracene and 
: //®° tber f/ matlc ^impounds were obtained by the distillation of coal tar a 
-pi oduct m the manufacture of coke for steel. In the past 40 warn the demand 
: ; r aromatic compounds has far outstripped the amount available from coal tar 

-nMne Sdi™ the . comnle ™ alI y “S^ant aromatic compound.! 

:doa^ 

zfl&SEattStt for is "■**— - • 











7_ 






catalyst 



+ 3H» 



V CS> 4 / 



Cyclohexane 



Benzene 



/^/; hc pr ./ ur30r 1S not alwa ys required, since eyelization of an aliphatic chain 
/ , 111 * he P^cess. Thus, toluene can be obtained by the dehydro 

S ol eum m hy Cy ° heXane ° r 0f " heptane, both of which are found in 




^-Heptane 



.... , / yJenes are als o made industrially in the same manner from 
.yclohexanes or from the appropriate octanes found in petroleum. 



dimethyl- 



134 Benzene, toluene, and xylenes are the basic raw materials for most other 

Rename and aromatic compounds. Derivatives are obtained from these hydrocarbons by rcac- 

Ammatic Compounds tions that are discussed in the sections that follow. 



Problem 5.10 Assuming that no rearrangement occurs during dehydrogena- 
tion. predict the products obtained from the dehydrogenation of (a) 1,2-dimeth- 
ylcvclohexane, (b) 1,3 -d im ethylcy cl ohexan e, and (c) 1,4-dimethylcyclohexane. 



5*7 Electrophilic Aromatic Substitution: 
General Mechanism 



Because the aromatic ring is extremely stable, a highly reactive agent is 
required to react with the benzene ring. The aromatic ring, with its delocalized u 
electrons, is also an electron-rich system. We might therefore expect that attack 
on the ling takes place by means of an electron-deficient species, or an electro- 
phile. r \ his is indeed the case. The reaction of henzene with a typical electro- 
phile, E H , is similar to the addition of an electrophile to an alkene, and is shown 
as step (1) of the reaction mechanism. 

i, Ihe electrophile E + approaches the tt cloud of the aromatic ring and 
forms a bond to carbon, creating a positive charge in the ring. 




ihe resulting carbon at ion has three important contributing structures that 
spread the positive charge over the other five carbon atoms, although more so on 
the carbons that are ortho and para to the position attacked by the electrophile. 

The intermediate carbocatlon has two possible fates. It could react with an 
electron-rich species, a nucleophile, : Nu ? to give an addition product. With al- 
kenes, this is the normally observed process. If this were to happen to aromatic 
compounds, however, the product that would result, a cyelohexadiene, would no 
longer have the great amount of resonance energy characteristic of the aromatic 
system. 




Addition of a nucleophile to the carbocatlon intermediate would destroy the aromatic system 

To retain the aromatic system, the carhocation does not combine with the 
nucleophile. Instead, the nucleophile abstracts a proton from the carhocation 
ion intermediate. The loss of the proton allows the electrons from the carbon- 
hydrogen bond to go back into the ring, thus restoring the aromatic system. 
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Step 2 . The removal of the proton by the nucleophile, which leads to the resto- 
ration of the aromatic ring, is the second step in the reaction mechanism. 




removal of 
by = m 



-> 




+ H— Nu 



Product 

(retains the aromatic system) 



The net overall result of this two-step mechanism is the substitution of the 
group E 4 " for a pioion (H + ). Hence the name given to this mechanism is electro- 
philic aromatic substitution. 




Now that we are familiar with the general aspects of electrophilic aromatic 
substitution, we are almost ready to study the reactions of specific electrophiles 
with benzene. Before doing so, however, let us see how electrophiles sufficiently 
reactive to attack the aromatic ring are generated. 



S.8 The Role of 
Catalysts in 
Electrophilic 
Aromatic 
Substitution 



The Role of Catalysts in Electrophilic 5*S 
Aromatic Substitution 



In almost all electrophilic aromatic substitutions a catalyst is needed for a 
reaction to Lake place. The catalysts are usually Lewis acids or a protonic acid 
The purpose of these catalysts is to generate powerful electrophiles . Contrast, for 
example, the bromination of cyclohexene with the b rumination of benzene. Bro- 
ruination of cyclohexene (an alkene) takes place rapidly in the presence of mo- 
lecular bromine, Br 2 , and no catalyst is needed. The attacking electrophile in 
this case is molecular bromine itself. 




(electrophile) 

Bromine alone, however, is not a reactive enough electrophile to attack the 
benzene ring; a catalyst is needed lo generate a more powerful electrophile, Br+. 
The positively charged bromine ion, or foromonium ion t is formed when molec- 
ular bromine, Br 2J reacts with a Lewis acid, such as ferric bromide. 

: Br— Br : '% FeBr 3 » :Br + + FeBr 4 " 

Ferric bromide Bromonium ion Complex anion 

(Lewis add) (highly reactive 

electrophile) 
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Feme bromide, the Lewis acid, is by definition deficient in electrons. It will 

W1 T t PecieS that is ca P abJ<; ^ donating an electron pan 

Pe& ^thlh C3Se 1S thebr °“ 1I f molecule ' In *»> process, a complex anion, 
* e±ir 4 , and the bromomum ion, Br+, are simultaneously formed. The latter is a 

s* ** snd “ able - the b ™» ^ * 

a highly reactive electrophile, the chloroiiium ion (C1+). 



: Cl— Cl :-■+ '“‘FeClj 

Feme chloride 
(Lewis acid) 



: C1+ + FeCl/ 

Chloronium ion Complex anion 
(highly reactive 

electrophile) 



Aluminum L-hloride, A1CI S , is another Lewis acid catalyst frequently used to 
STS* W ZT7 “‘.“"Ol*?*/” the reaction oftntfkjl 



IWS:'+ ''AIC1, 

Alkyl chloride Aluminum chloride 
(Lewis acid) 



R + 

Carbocation 
(highly reactive 
electrophile) 



+ A1C1 4 - 

Ooroplex anion 



eST*’ can attack the aromatic ring ' a process known as 

Nitration of benzene, the substitution of N0 2 for H, and sulfonation of 

catSvst’to Vy bStlt H tl0n ° f S ° :jH f ? r H ’ Usuali y a >so require the addition of a 
catalyst to help produce reactive electrophiles. The attacking electrophile in 

ra ion is the nitronium ion, NO/, whose formation is facilitated by the 
presence of sulfune acid (the catalyst). y 1116 



HO— NO, 



Nitric acid 



H,SO, 



Sulfuric acid 
(strong acid) 



HSO,' + 



HO^NO, 

I 

■ H j 

Protonatcd nitric acid 



N0.+ 



H 2 0 



Nitronium ion 
(highly reactive 
electrophile) 

Sulfune acid, the stronger add, donates a proton to nitric acid, the weaker acid 

Sh7il at ? nitriC 3Cid mt K TOediate aftd Vdrogen sulfate. Upon losing 
watei, the intermediate generates the nitronium ion, NO/, a powerful electro 

is a so h!thm nf ^0 f ^ is usu f fr can ‘ ied out in fuming sulfuric acid, which 
• , ' ,°* 111 • f* 1 sulfonation, an active electrophile is the SO,H+ 

lon whose formation is brought about according to 3 

S0 3 + H 2 S0 4 S0 3 H+ + hso 4 - 

Acid catalyst Electrophile Hydrogen sulfate 

(anion) 



Table 5.2 The Electrophiles in 
Common Aromatic Substitution 
Reactions 



rg-isr 

Electrophile 


: iF. •= ^ . x: .-x^ i- •;] 

Name of reaction I 


C1+ or Br + ' 


haloge nation 


R + 


alkylation 


N0 2 + 


nitration 


SO,H+ 


sulfonation 
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As in nitration, sulfuric acid acts as a catalyst by providing a hydrogen ion to 
S0 3 , thus creating the active electrophile SO a H + . 

To recapitulate, acid catalysts are needed in electro phi lie aromatic substitu- 
tion reactions to generate reactive electrophiles. The electrophiles in common 
aromatic substitutions are shown in Table 5.2. Each of these electrophilic agents 
plays the same role as E + does in the general mechanism of electrophilic aro- 
matic substitution shown on page 135. 

The common electrophilic aromatic substitutions of benzene are illustrated 
in the next section. 



Specific Electrophilic Aromatic 5.9 
Substitution Reactions 




Halogenation, alkylation^ nitration, and sulfonation are the typical 
electrophilic aromatic substitution reactions. These reactions are shown in Fig- 
ure 5.4. Note that in each reaction the net result is the replacement of a hydro- 





Figure 5.4 Common electrophilic aromatic substitution reactions. 



* The reaction, known as Friedel-Crafts alkylation, was discovered in 1877 by a 
French chemist, Charles Friedel, and an American, M T Crafts, 
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5.10 



gen in benzene by one of the electrophiles listed in Table 5,2 f The specific mecha- 
nism for each reaction also follows the general pattern described in Section 5,7. 



Problem 5.11 Based on the general mechanism of electrophilic aromatic sub- 
stitution shown in Section 5,7, and from the discussion in Section 5.8, write the 
mechanism for (a) the chlorination of benzene and (b) the nitration of benzene. 



Side-Chain Reactions of Aromatic Compounds 



In the previous section methods for introducing a substituent directly into 
an aromatic ring via electrophilic substitution were examined. Tn this section we 
consider reactions involving alkyl side chains. 



A Halogenation of an Alkyl Side Chain 

An alkylbenzene contains both an aliphatic and an aromatic portion. We 
might, therefore, expect the aliphatic portion (the alkyl side chain) to undergo 
free-radical substitution characteristic of alkanes (see Sec. 2T2) and the ring to 
undergo electrophilic substitution characteristic of benzene. This is indeed the 
case. For example, bromination of toluene in the presence of uv light (free- 
radical conditions) yields exclusively benzyl bromide; there is no substitution in 
the aromatic ring. 



O' 



CH, 



Bf 4 



uv light 

3 







CRLBr + HBr 



Toluene 



-■ pj? 



Benzyl bromide 



Similarly, when ethylbenzene is chlorinated under free-radical conditions, 
substitution occurs in the alkyl portion only, and the product formed is almost 
exclusively 1-chioro-l-phenyle thane, with small amounts of 1 -chloro -2-phenyl- 
ethane. 




CHC1CH 3 + 



1- Chloro - 1-pheny lethane 
(major product) 





1 ■ Chloro -2 ■ phenylethane 
(minor product) 



To account for the almost exclusive formation of 1 -chloro- 1 -phenylethane 
we must look at the free-radical intermediates. Removal of a hydrogen from the 
carbon adjacent to the aromatic ring gives a benzyl type of free radical that is 
relatively easy to form because it can be stabilized by resonance. 



CHXTL 




■ CHCH. 



removal of 
an H by Cl * 




CHCH, 




CHGII 



CHCH, 




CHCH, 



Delocalization of the odd electron 
stabilizes the free radical, 
facilitating its formation. 



Removal of a hydrogen from the methyl group of ethylbenzene gives a free 
- deal in which the odd electron cannot be stabilized by resonance, thus mini- 




mizing the formation of 1 -cliloro-2-pheny lethane. 



0- 



nTT n Y| removal at 

CJU-WhP > 

£ 3 an H by Cl ■ 




CH 2 CH 



The odd electron 
cannot be delocalized; 
l 2 therefore the free radical 
is more difficult to form. 



ihlem 5*12 Predict the major organic products formed in these reactions. 



<i ' fl-Propylbenzenc 



Br :! 



uv light 



(b) Isopropylbenzene 



CL, 



uv light 



Halogen a tion of alkylbenzenes under electrophilic conditions (that is, treat- 
:em of an alkylbenzeno with bromine or chlorine in the presence of ferric ha- 
leads to substitution in the ring. The exact positions) of the incoming 
halogen will be dealt with later (Sec. 5.11)* 



Ox idati on of an Alkyl Side .Chain 

Another reaction of the alkyl side chain is its conversion into a carboxyl 
group, COOH, by treatment with hot potassium permanganate. Regardless of 
:he length of the alkyl chain, the product is always the same — benzoic acid 
C 6 H 5 COOH. For example, 

tty* .yt- r® U ? 

A, 




o 



CM, 



hot KMtiO, 







tycoon '& rv : i,: -V? ^ ^ 

Benzoic acid < \ A ? ^ 

— " n ° 4 - ■ '' -COOH + (C0 2 + H 2 0) 




lien zoic acid 
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Rings with more than one alkyl chain are similarly oxidized; each alkvl 
chain, regardless of its length, is converted to a COOH group.. For example. 




/J-Xylene 



hot KMn0 4 



* HOOC 



/j-Diethylbenzeaie 



COOH 



hot KMnO., 



Terephthaiic acid 
(a raw material used in 
synthesizing Dacron and 
other polyesters) 



5.11 



Disubstituted Benzenes: Orientation 



In previous sections the discussion centered on methods of introducing one 
substituent on a benzene ring. As we have noted, certain monosubstituted 
benzenes are made via direct electrophilic substitution (Sec. 5.9), whereas others 
aie prepared indirectly by converting a substituent already present in the ring 
into another (Sec. 5.10). Like benzene, monosubstituted benzenes are capable of 
undergoing further substitution. When a second group, C, is introduced into a 
monosubstituted benzene, C 6 H 5 Y, three possible isomeric compounds can the- 
oretically be formed. 




Further substitution 
i (G = second substituent) 




or 




Ortho product 



Meta product 



Y 




G 

Para product 





If the second substituent were to join the ring on a purely statistical basis 
the relative proportions of ortho, meta, and para products could be calculated 
easily. The monosubstituted benzene, C e H s — Y, has live replaceable hydrogens 
Among these five hydrogens, the two that are ortho to Y are equivalent to each 
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as are the two hydrogens in the me la position. Therefore, if the entering 
-v TSvitiient G were to join the ring on a purely statistical basis, the proportions 
: each isomer would be 



ortho — | of the total or 40% 
meta = § of the total or 40%. 
para — 4 of the total, or 20% 

In fact, such distribution is never observed. The actual distribution depends 
m~ the nature of the first substituent, and falls into two and only two categor- 
ies, Certain Ys direct the second substituent G, regardless of what G is, into the 
-ho and para positions. Other Ys direct the second substituent G, regardless of 
. - nature of G, primarily into the meta position. For example, when phenol is 
titrated, the only products formed are o-nitrophenol and p-nitrophenol; no 
- era isomer is produced. The Oil group (the original substituent) is said to he an 
rrho, para director. 



OH OH OH 




NO, 

o -N itro phenol p- Nitrophen t>l 

(53%) (47%) 



Nitration of nitrobenzene, on the other hand, yields almost exclusively 
“-dinitrobenzene. The NO, group (the original substituent) is therefore referred 
:o as a meta director. 



5.11 Disubs tituted 
Benzenes: 
Orientation 




(less than 5% ortho and para isorners} 



In Table 5.3 you will find a summar y of the orienting effects of a number of 
substituents. Remember, the orientation of the second substituent, regardless of 
its nature, is dependent on Y only. 




Table 5,3 Orientation Effects of Substituents Y in 



Electrophilic Aromatic Substitution 

. . ' ■' ; 

Ortho ,para directors Meta directors 

.... . • 



—OH, —OH 
— NH 2 , — NHR, —NR, 

-c 6 h 5 

— CH, f -R (alkyl) 

— R —CL -Bn -I 



—NO, 

-SO,H 

-CQ0H, —COOK 
— CHO* -COR 



-CN 
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Problem 5,13 Consult Table 5,3 and predict the major products in the follow- 
ing reactions. If the product is a mixture of ortho and para isomers, show both 
isomers. 




(a) (f )) Br + H 2 S0 47 S0 3 



(c) 




COOII + HN0 3 -S£2t 



(e) 




F + HNO-, 



(g) 




COCH 3 + Cl, -T!£k^ 



(h) 




CH 2 CH 3 + HNO, -5^ 




Disubstitution: Reactivity 



In addition to the orientation effect, the presence of a substituent, also af- 
fects the rate of electrophilic substitution reactions. Intuitively, it is reasonable 
to assume that those substituents that release electrons to the ring more effec- 
tively than the hydrogen they replace will activate the ring toward electrophilic 
substitution. Such substituents will cause the reaction to go faster than with 
benzene. Conversely, those substituents that withdraw electrons from the ring 
more effectively than the hydrogen they replace will deactivate the ring toward 
electrophilic substitution. Such substituents will cause the reaction to go slower 
than with benzene. 

The order of reactivity predicted for electrophilic substitution is shown in 
Figure 5.5. Experimental observations confirm these predictions: ortho, para di- 

Decreasing order of reactivity toward electrophilic substitution 



H W £ - 




P) cii) m 

Figure 5,5 Substituent G donates electrons to the ring, thus activating it, relative to 
benzene. Substituent W withdraws electrons from the ring, thus deactivating it. 
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Table 5.4 Orientation and Reactivity Effects of Hubstituents ill 
Electrophilic Aromatic Substitution 

Substituent Effect on reactivity 

. : ; 

Ortho,para directors ' 

i— OH, —OR, — NIL,, — NHR, — NR 2 < ' Fh_stixmgly activating 
— C 6 H g , — CH 3j — R (alkyl) ^ ... -moderately activating 

— F, —Cl, — B*\ —I , -deactivating 

Meta directors 

— N0 2 , — S0 3 H, — COOH, — COOR - — strongly deactivating 

—Clio, —COR, — CN 



--iiois, which donate electrons to a ring, activate the ring toward electrophilic 
sl r-^ntution, whereas meta-directing groups, which withdraw electrons from a 
-.- r. deactivate the ring toward electrophilic substitution. The only important, 
ri :eption to this generalization occurs in the halobenzenes, C^H b X (X = F, Cl, 
= I). Although fluorine, chlorine, bromine, and iodine are ortho, para directors, 

■_irse substituents deactivate an aromatic ring in electrophilic substitutions. 
The orientation and reactivity effects of substituents are summarized in 
Table 5.4. 



Planning an Aromatic Synthesis 



Now that you have learned a great deal of aromatic chemistry, let us see 
how that knowledge can be used to prepare a particular aromatic compound in 
hie best way possible. 

In any aromatic synthesis two kinds of information must be kept in mind. 
First, you must know the different methods by which a given substituent is 
niroduced into the ring. Second, you must be aware of how the group(s) already 
present will influence the orientation of an incoming substituent, These points 
^re illustrated in the following examples. 



Example 5.1 Starting from benzene, synthesize Tn-bromo nitrobenzene* 

Solution (1) Draw the structure of the starting material and the structure 
of the product. 




Obviously, two substitutions have taken place. Therefore two steps are re- 
quired: bromination of the ring and nitration of the ring. 

(2) Working backward, decide what reaction leads to the product. 

? 

— ^ product 



5.13 Planning an 

Aromatic Synthesis 



5.13 
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Since the hI0 3 group is a meta director (whereas — Br is an ortho, para- 
directing group), the last reaction is bromination of nitrobenzene. 




(3) The reactants leading to nitrobenzene are 




(4) Write the overall synthesis in the right order. 




The alternate sequence (bromination followed by nitration) would have 
given a mixture of o-bromomtrobenzene and p-bromonitro benzene, the 
wrong isomers. 

Example 5.2 b up pose that you wish to synthesize jo-nitro benzoic acid, 
starting from toluene. 

Solution First, draw the structure of the starting material and the struc- 
ture of the product. 




NG 2 



Toluene jt?-Nitrobenzoic acid. 



Obviously, two changes have occurred. The side chain (CH 3 ) has been oxi- 
dized to CQOH, and a nitro group has been introduced. Therefore two steps 
are required: a side-chain oxidation and a nitration. Which step should be 
carried out first? 

Note that the para isomer of nitrobenzoic acid is required. Toluene 
must therefore he nitrated first because the methyl group is an orth o.para 
director. 



1. Nitration of toluene 
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p-Nitra toluene 



o-Nitro toluene 



Separable mbeture 



2. Oxidation of the side chain 



CH a 


COOH 


9 


KMn ° 4 > Ifll 


heat JJ 


no 2 


NO, 




p-Nitrobenzoic acid 




(desired product) 



The correct sequence of steps to arrive at the desired product is there- 
fore nitration followed by oxidation* 




If the reverse were done (that is, if toluene were oxidized first, followed 
by the nitration of benzoic acid), the product obtained would be exclusively 
m-nitrobenzoic acid, an unwanted isomer. 

3. Oxidation followed by nitration yields the wrong isomer. 



Meta director 






CH* COOH 

KMnO, 



beat 

Benzoic acid 





COOH 




m-Nitroben^oic acid 



As you see, it is important to use the correct sequence of steps if the desired 
product is to be obtained. 



5*13 Planning an 
Aromatic Synthesis 
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Problem 5,14 Starting from benzene and any other reagents needed, show how 
you would synthesize these compounds. Assume that ortho, para mixtures can be 
separated. 

(a) i>Nitrotoluene (b) m-ChlorobenzenesuIfonic acid 

(c) Benzoic acid (d) Benzyl chloride 



Summary of Concepts and Reactions 



Aromatic compounds are compounds that are benzene-like in their properties. Benzene 
itself is a cyclic, planar structure of formula C 6 H 6 , [Sec. 5,1] 

In benzene all carbons are $p 2 hybridized and all carbon-carbon bonds are of equal 
length, [Sec. 5,1] 

Benzene is actually a resonance hybrid of two imaginary contributing structures. 

[Secs. 5.1, 5.2] 

Benzene and other aromatic hydrocarbons are stabilized by large resonance energies. It 
is the preservation of these large resonance energies (3b kcal/mole for benzene) that 
is the source of aromatic hybrocarbons 5 tendency to undergo substitution rather 
than addition. [Sec. 5.3] 

All aromatic compounds must obey the (4 n + 2) tt rule, also known as HuckeFs rule. 

[Sec. 5.4] 

The two major sources of aromatic compounds are coal tar and petroleum. [Sec. 5.6] 
Reactions of aromatic compounds proceed via an electrophilic aromatic substitution 
mechanism. In almost all electrophilic aromatic substitutions a catalyst is needed 
for reaction to take place. The purpose of the catalyst is to generate powerful 
electrophiles. [Secs. 5.7, 5.8] 

The most common electrophilic aromatic substitution reactions are 

L Halogenation: Ar — H + X 2 FeXs > Ar— X + HX 



2. Alkylation: Ar— H + RX Ar— R + TIX 

3. Nitration: Ar— H + HGN0 3 > Ar— N0 3 + H s O 



4, Sulfonation: Ar— H + S0 3 HifSQj > Ar — SO :t H 



[Sec. 5,9] 



The aliphatic portion of an alkylbenzene can undergo two kinds of reactions: (1) free- 
radical halogenation 



C {i H,— CH, > C 6 H. — CH.X + HX 

h d uv Jiprht 6 2 

and (2) oxidation |Sec - 5 ‘ 10A ^ 



C s H 5 -R hot KMnf ^ > C e H 5 — COOH 



[Sec. 5..L0B] 



When a substituent is already present on the ring, it affects the ring in two ways: 

1, It can direct a second substituent to an ortho or para position (ortho,para direc- 
tor) or to a meta position (meta director). [Sec. 5,11] 

2. It can activate or deactivate the ring. [Sec. 5.12] 



Key Terms 
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benzene 

aromatic 

substitution 

resonance energy 

aromaticity 

H ticket's rule 

phenyl 

benzyl 

ortho (o ) 



meta (m - ) 
para Ip-) 
electrophile 
electrophilic aromatic 
substitution 
bromonium ion (Br - ) 
chloronium ion (Cl + ) 
car bo cation (R + ) 



nitronium ion (N0 3 +) 

SG 3 H + ion 

halogenation 

Friedel- Crafts alkylation 

nitration 

sulfonation 

ortho.para director 

meta director 



Exercises 



Exercises 



Eesonance , Resonance Energy 7 Aromaticity [Secs. 5. 1-5.4] 

5.1 Refer to the diagram on page 121 and draw 

(a) A resonance- contributing structure of pyridine 




Ob) Two resonance-contributing structures of naphthalene 




5.2 Hydrogenation of one mole of anthracene, C 14 H 10) with seven moles of hydrogen 
releases 116.2 kcal of heat. Assuming the heat of hydrogenation of a normal double 
bond to be 28.6 kcal/mole, calculate the resonance energy of anthracene. 

5.3 Which of these structures veil he aromatic according to the -p 2) rule? 
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Structure and Nomenclature [Sec 5 51 
5 4 Pf w A structures for these compounds, 
(a) Aniline 
(e) Benzoic acid 
(e) Isopropylbenzene (cumene) 

( fi ) Tr i phen y 1 me th an c 
(i) p - C hlor oben zyl bromide 
(k) 3,5-Dibromostyrene 
(m) w-Chloroaniline 
(o) H examethy Iben zen e 
(q) 2,6-Diehloronaphthalcne 
(s) 9 , 1 0- D iphen y la nthra cen e 
( u) 3,5- Dime t hy Iphen a nthren e 
Name these compounds. 



(b) Toluene 

(d) Phenol 

(f) o -Diethyl benzene 

(h) ^-Xylene 

(j) m-Nitrobenzenesulfonic acid 

(1) 1 ,2 -Dipheny lethan e 

(n) Pen tan hlor o phenol 

(p) 2- Ami non aph fch a lei* e 

(r) 2 - Br om oan thr ac ene 

(t) 1 - Nitr ophen an thr ene 

(v) 2 , 4 , fi -Tri br o mophen an 1 1 ire ne 





muhf C ^ S ‘ Ve names for four aromatic compounds with the for- 
Wnte structur^ anci gi v e names for all possible isomeric; 

« b — s 
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Mechanisms of Electrophilic Aromatic Substitu tion Reactions [Secs. 5.7, 5,8] 

r J Treatment of benzene with CH g Cl catalyzed by A1C1 3 yields toluene. Write the 
mechanism for the reaction and show all contributing forms in the reaction inter- 
mediate. 

“ i 1 When a mixture of benzene and 2-methylpropene is heated in the presence of 
sulfuric acid catalyst, tf-butylbenzene is formed. Write the complete mechanism to 
account for the formation of f-butylbenzene. 

€ -ieniation and Reactivity [Secs. 5.11, 5.12] 

5 11 Arrange the following series of compounds in decreasing order of reactivity toward 
brommatiom 



CPU 




(ii); 




(hi); 




COOH 



Ii 



NHL 



Q) (i); : C_J] ■“*’ [T^yj 




(v) 



(V) 



CH, 

i 11 Predict the orientation and reactivity effects of these substituents. 

0 

(a) — C— 0CH 3 (b) — CH s CH 3 (e) — SO s H (d) — OCH 2 CH a 

Reactions and Syntheses [Secs. 5.9-5,13] 

! _2 Draw the structures and give the names, using ortho, meta, and para designations, 
for the major products of the mono chlorination when each of these compounds is 
reacted with chlorine and ferric chloride. 

(a) Ethylbenzene (b) Chlorobenzene (c) Nitrobenzene 

<d) Benzenesulfonie acid (e) lodobenzene (f) Phenol 

- 13 Complete the following reactions. When a mixture of ortho and para Isomers is 
expected, show both isomers. 




(c) + C1 - 
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(f) 



h 3 c 



N0 2 + Br, (1 mote) ■ » 

lav light 




5*14 Draw the structures of the reactant and the product for the transformations 
shown here and supply the necessary reagents A through 1. (Assume that substitu- 
tions on naphthalene, anthracene, and phenanthrene require the same reagents as 
benzene.) 



(a) Benzene — toluene ^ > benzyl chloride 

C D 

(b) Toluene > jo-chloro toluene > p-chlo rob en zoic acid 

E P 

(c) Toluene > o-nitrotoluene > 4-bromo-2-nitrotoluene 

G 

(d) Naphthalene > 2-bromo naphthalene 

(e) Anthracene — ^ 9-ethylanthracene 

(f) Phenanthrenc 9-nitrophenanthrene 

5*15 Starting from benzene and any other reagents needed, show how you would syn- 
thesize the following products. Assume that ortho, par a mixtures can be separated. 




5*16 There are three isomeric diethvTbenzenes, A, B f and C* On nitration, isomer A gave 
three mo nonit ro derivatives, isomer B gave one nitro compound, and isomer C gave 
two nitro compounds. What are the structures of A, R, and C? 



Light Fuel Oil, 400/1. The drop shapes of EL-type mineral oil are produced by careful emulsi- 
fication in glycerol. The three dimensionality of the photograph is obtained by means of the 
interference-contrast technique, Photomicrograph by Manfred Kage/Peter Arnold, inc, 




